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Abstract 

Background: Gastric vagal afferents (GVAs) play a role in peripheral appetite control. 

Tension sensitive GVAs respond to stretch or distension of the stomach sending signals 

to the hindbrain to produce feelings of fullness and satiety. The sensitivity of tension 

sensitive GVAs is reduced in diet-induced obesity which may contribute to increased 

meal size. Further, transient receptor potential vanilloid 1 (TRPV1) knockout mice also 

show decreased GVA tension receptor sensitivity.  

Endocannabinoids (ECs) regulate appetite via cannabinoid 1 (CB1) receptors and are also 

endogenous ligands for TRPV1. The CB1 receptor and TRPV1 are expressed on GVAs 

and the CB1 receptor is also expressed on gastric ghrelin cells. Further, the 

endocannabinoid anandamide (AEA; ligand for CB1) is expressed in the stomach. 

However, it is not known if ECs, ghrelin, and TRPV1 interact to regulate GVA 

sensitivity. 

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

1. The co-expression of CB1, TRPV1, and ghrelin receptor (growth hormone 

secretagogue receptor; GHSR) in individual GVA cell bodies. 

2. The effect of AEA on GVA sensitivity and secondary messenger pathways 

involved. 

3. The effect of AEA and ghrelin on the expression of orexigenic receptors in nodose 

ganglia. 

Methods: Retrograde tracing was used to identify single GVA cell bodies in the nodose 

ganglia which was then combined with single cell QRT-PCR.  An in vitro 

electrophysiology preparation was used to determine the effects of methanandamide 

(mAEA; stable analogue of AEA) on the sensitivity of GVAs in C57BL/6 mice fed ad 
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libitum with either a standard laboratory diet (SLD) or high fat diet (HFD).  This was 

performed with mAEA alone or in combination with antagonists to determine possible 

secondary messenger pathways.  Nodose ganglia were cultured for 14 hours in a medium 

containing mAEA or ghrelin and then analysed via QRT-PCR for changes in receptor or 

ion channel expression. 

Results: CB1, TRPV1, and GHSR were expressed and co-expressed in individual tension 

sensitive GVA neurons in a diet-dependent manner. In SLD-mice mAEA exhibited 

concentration-dependent dual inhibitory and excitatory effects on the mechanosensitivity 

of tension sensitive GVAs. This was abolished to a single inhibitory effect regardless of 

concentration in HFD-mice.  

In cultured vagal afferent cell bodies, exposure to mAEA and ghrelin altered the 

expression of CB1, TRPV1, and GHSR mRNA in a diet dependent manner.  

Conclusions: ECs, acting through CB1 and TRPV1, have a pivotal role in modulating 

GVA satiety signals depending on the second messenger pathway utilised. In HFD-mice 

only an inhibitory effect is observed. These changes may contribute to the development 

and/or maintenance of obesity. 
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1.1| Obesity 

Generally, obesity develops when energy intake outweighs energy expenditure leading to 

excessive accumulation of adipose tissue. For adults obesity is defined by a body mass 

index (BMI; kg/m2) of 30 or higher [1]. Differently, for children obesity is determined by 

the child’s age and sex on a percentile scale [2]. Currently, world-wide it is estimated that 

approximately 604 million adults and 108 million children are obese; figures that have 

tripled since 1980 [3]. This increase is likely a result of society adopting a more sedentary 

life style with an increase in consumption of caloric dense foods [4].  

Coupled with obesity is the development of several co-morbidities including 

cardiovascular disease, type 2 diabetes, and certain types of cancer [5]. It is estimated that 

the risk of death associated with obesity and its related disorders increases nearly 3-fold 

with the life span of obese individuals being 7 to 14 years less than that of those with a 

healthy weight [6]. Further, obese individuals spend 36% more on healthcare [7]. In 

Australia annual obesity related health care costs are over $130 billion [8], placing 

significant strains on healthcare systems. 

Prevention and treatment strategies 

Current prevention or treatment strategies for obesity include behavioural, 

pharmacological, and surgical interventions.  

Behavioural interventions attempt to reduce weight by decreasing caloric dense foods and 

increasing physical activity. Whilst behavioural methods have proven effective in 

reducing weight, adherence to this life style typically diminishes over time with 

individuals regaining weight [9]. Further, the post-obese metabolic state differs to a never 

obese metabolic state which can contribute to weight regain. For example, rates of fat 
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oxidation are significantly lower in post-obese compared to never obese individuals [10].  

Governments have attempted to aid in behavioural interventions by introducing policies 

such as the sugar sweetened beverage tax and comprehensive nutritional labelling of food 

products [11, 12].  However, the efficacy of these is not currently known.  

Details of pharmacological interventions are illustrated in Table 1.1.  Pharmacological 

interventions target both the central and peripheral systems. Short-term use drugs such as 

phentermine and mazindol are derivatives of amphetamine [13]. This class of drugs 

suppresses appetite and increases lipolysis by increasing the release, or preventing the 

reuptake, of norepinephrine from central neurons, [13, 14]. However, their effectiveness 

diminishes after one month, and can cause several unwanted side effects including high 

blood pressure and restlessness [15]. Other drugs such as Orlistat target the periphery, 

inhibiting gastrointestinal lipases and decreasing lipid absorption [16] However, Orlistat 

has unwanted side effects including steatorrhea [17] and risk of acute kidney disease [18]. 

Recent drugs such as liraglutide were approved for the control of blood glucose levels in 

diabetics, and are also approved as weight loss drugs [19]. Data on the side effects of 

liraglutide are limited, however, there is a possible increased risk of pancreatitis [19].  
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Table 1.1 History of weight loss dugs 

Drug name 
Approval 

year 

Metabolic 

effects 

Mechanism of 

action 

Adverse side 

effects 

Current 

status 

Phentermine 1959 

Increased 

lipolysis 

Decreased 

appetite [20] 

Norepinephrine 

release [20] 

Tachycardia 

[21] 

Insomnia [22] 

Urinary 

retention [15] 

Available 

controlled 

[23] 

Mazindol 1960 

Increased 

lipolysis 

Decreased 

appetite [24] 

Norepinephrine 

reuptake inhibitor 

[13] 

Hypertension 

[25] 

Available 

controlled 

[13] 

Fenfluramine 1963 
Decreased 

appetite [26] 

Serotonin release 

[26] 

Pulmonary 

hypertension 

[27] 

Cardiac 

fibrosis [28] 

Withdrawn 

[15] 

Aminorex 1965 
Decreased 

appetite [29] 

Catecholamine 

release [29] 

Pulmonary 

hypertension 

[30] 

Withdrawn 

[31] 

Sibutramine 1995 
Decreased 

appetite [32] 

Monoamine 

reuptake inhibitor 

[32] 

High stroke 

risk [32] 

High blood 

pressure [33] 

Cardiac 

arrhythmia [34] 

Withdrawn 

[35] 

Orlistat 1999 
Prevent fat 

absorption [36] 

Pancreatic lipase 

inhibitor [36] 

Steatorrhea 

[37] 

Kidney injury 

[18] 

Colonic lesions 

[38] 

Available 

controlled 

[39] 

Rimonabant 2006 
Decreased 

appetite [40] 

CB1 receptor 

antagonist [40] 

Depression 

[41] 

Suicidal 

thoughts [42] 

Fatty acid 

reflux [43] 

Withdrawn 

[44] 

Bupropion/natr

exone 
2010 

Decreased 

appetite 

Increased energy 

output [45] 

Norepinephrine 

release 

POMC neuron 

activation [45] 

Mood changes 

[46] 

Available 

controlled 

[47] 

Lorcaserin 2012 
Decreased 

appetite [48] 

Serotonin receptor 

agonist [48] 

Hallucinogen 

at high doses 

[49] 

Available 

controlled 

[50] 

Liraglutide 2014 
Decreased 

appetite [51] 
GLP-1 agonist [51] 

Pancreatitis 

risk [19] 

Available 

controlled 

[52] 
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1.1.1| Bariatric Surgery 

Surgical interventions such as gastric banding, sleeve gastrectomy, and roux en-y bypass 

aim to promote weight loss by reducing gastric capacity and/or nutrient absorption. 

Gastric banding involves the placement of an inflatable silicone band around the upper 

portion of the stomach to create a small pouch (Figure 1.1). This method decreases the 

amount of food consumed without affecting nutrient absorption, and is completely 

reversible [53]. However, gastric banding may not be suitable for individuals who have 

had previous abdominal surgery that may impact band placement [54]. 

A sleeve gastrectomy involves the removal of a large portion of the stomach along the 

greater curvature (Figure 1.1) [55]. This procedure reduces food consumption, however, 

a sleeve gastrectomy is irreversible and can cause deficiencies in folate and iron [56, 57]. 

This procedure is suitable for morbidly obese individuals, however, it is not suitable for 

individuals that have inflammatory bowel disease or portal hypertension [58].  

A roux en Y gastric bypass involves the creation of a small gastric pouch from the upper 

stomach which is then connected to the small intestine (Figure 1.1) [59]. Variations of 

this procedure exist depending on which portion of the small intestine (i.e. proximal or 

distal) is connected to the small pouch [60]. This procedure reduces gastric capacity, 

however, it also reduces nutrient absorption causing nutrient deficiencies [61]. Further, a 

roux en Y gastric bypass also causes vagal denervation [62], and alters endocrine 

responses, although this is conflicting. For example, some studies indicate that, in roux 

en Y gastric bypass patients, the post prandial decrease of ghrelin is attenuated [63, 64], 

whilst a different study indicates it is exaggerated [65].  



6 
 

 

Figure 1.1: Different bariatric surgeries.  

Gastric banding is a reversible procedure aimed at reducing food intake via the application 

of a band around the upper stomach. A sleeve gastrectomy is an irreversible procedure 

aimed at reducing stomach capacity by removing a large portion of the stomach along the 

greater curvature. A roux en Y bypass also reduces stomach capacity via the formation of 

a small gastric pouch that is directly connected the small intestine. This procedure 

bypasses the stomach and part of the duodenum, which can lead to malabsorption of 

nutrients. 

Normal Stomach Gastric Banding

Sleeve Gastrectomy Roux en Y Bypass
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Recent Progress 

Recently, research has turned to appetite regulation in the gastrointestinal system. Aside 

from the digestion and absorption of nutrients, the gastrointestinal tract secretes hormones 

that can influence food intake via the circulation or vagal afferent nerves. Further, vagal 

afferent neurons are also mechanosensitive and can be regulated by food intake. 

Improving our understanding of the gastrointestinal appetite signalling pathways will 

provide potential targets for the treatment of obesity. Peripheral approaches without 

disturbing the CNS may induce less side effects. 

 

 

1.2| Regulation of Food Intake 

Energy intake is essential for life and as a consequence evolution has developed an 

intricate multilevel system to control food intake and energy expenditure to maintain life. 

This is particularly important for the maintenance of a healthy body weight. Signals from 

energy stores (e.g. adipose tissue) serve as long term regulators of food intake. 

Conversely, for the short term regulation of food intake, upon food ingestion the central 

nervous system (CNS) receives a multitude of signals to integrate and process, eventually 

producing feelings of fullness and satiety leading to meal termination. However, in 

obesity these signals become dysregulated leading to an increased appetite or latency in 

meal termination.  

1.2.1| Central Food Intake Regulation  

The central regulation of food intake is complex with the CNS receiving a variety of 

peripheral hormonal and neural inputs. Central areas involved in appetite regulation 
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include the hypothalamus, brain stream, and telencephalic areas such as the amygdala and 

nucleus acumbens. 

Hypothalamus 

The hypothalamus is composed of many nuclei with various functions directed towards 

one goal, homeostasis [66]. The medial aspect of the hypothalamus has a weak blood 

brain barrier and can therefore transmit blood borne signals to other hypothalamic nuclei. 

Conversely, the lateral aspect of the hypothalamus does not interact with blood borne 

signals but has extensive intra and extra hypothalamic connections [66].  In relation to 

food intake the most relevant hypothalamic areas include the arcuate nucleus (ARC), 

paraventricular nucleus (PVN), lateral hypothalamic area (LHA), ventral medial nucleus 

(VMN) and dorsal medial nucleus (DMN; Figure 1.2).  

The ARC is located in the mediobasal hypothalamus and therefore can be regulated by 

blood borne signals; however it also receives neuronal inputs from the brainstem. Within 

the ARC there are two distinct opposing populations of nuclei: those that express pro-

opiomelanocortin (POMC) [67] and cocaine and amphetamine regulated transcript 

(CART) [68], and those that express neuropeptide Y (NPY) and agouti-related peptide 

(AgRP) [69].  

POMC/CART neurones are considered anorexigenic with their activation reducing food 

intake. These neurons can be stimulated by leptin and insulin, and indirectly inhibited by 

ghrelin via increased AgRP neuron signalling [70]. POMC is a precursor for many 

peptides, among which is α-melanocyte stimulating hormone (α-MSH) [71]. α-MSH 

binds to the melanocortin 3 receptor (MC3R) or MC4R to inhibit food intake [72, 73].  
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The receptor for CART is yet to be identified, however, chronic CART administration 

decreases food intake [74]. 

Conversely, NPY/AgRP neurones are considered orexigenic with their activation 

increasing food intake [75, 76]. These neurons can be stimulated by ghrelin and inhibited 

by leptin and peptide tyrosine-tyrosine (PYY) [77]. NPY binds to Y1 receptors [78] and 

AgRP antagonises MC3R and MC4R to prevent α-MSH binding and inhibition of food 

intake.  

POMC/CART and NPY/AgRP neurons in the ARC project heavily to other hypothalamic 

nuclei including the PVN, LHA, VMN, and DMN [79]. The PVN is considered 

anorexigenic [80], being stimulated by POMC/CART neurons and inhibited by 

NPY/AgRP neurons [66]. Further, the PVN also receives inputs from the amygdala for 

stress and reward related regulation of food intake [81]. Conversely, the LHA is 

considered orexigenic and contains two populations of neurons expressing either orexin 

or melanin concentrating hormone (MCH) [82, 83]. These subsets of neurons are 

stimulated by NPY/AgRP neurons and inhibited by POMC/CART neurons [66]. Further, 

the LHA also receives projections from the nucleus acumbens and amygdala to regulate 

reward related food intake behaviour [84].  

Lastly, the VMN and DMN also receive projections from the ARC where they are 

stimulated by POMC/CART neurons and inhibited by NPY/AgRP neurons [66].   
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Figure 1.2: Hypothalamic nuclei involved in appetite regulation.  

The major hypothalamic nuclei involved in appetite regulation are the arcuate nucleus 

(ARC), dorsal medial nucleus (DMN), ventral medial nucleus (VMN), paraventricular 

nucleus (PVN), and lateral hypothalamic area (LHA). Green lines represent activation, 

red lines represent inhibition. The ARC contains two opposing nuclei expressing either: 

neuropeptide Y (NPY) and agouti-related peptide (AgRP) or pro-opiomelanocortin 

(POMC) and cocaine and amphetamine related transcript (CART). NPY/AgRP neurons 

from the ARC inhibit the PVN, DMN, and VMN, and stimulates the LHA to increase 

food intake. PMC/AgRP neurons from the ARC inhibit the LHA and stimulate the PVN, 

DMN, and VMN to inhibit food intake. The ARC is adjacent to a weak blood brain barrier 
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(BBB) and is therefore capable of being regulated by blood borne signals such as 

orexigens and anorexigens.  

 

Brainstem 

The brainstem contains nuclei with extensive projections connecting the peripheral 

nervous system (PNS) to the CNS. Among the many nuclei, the nucleus tractus solitarius 

(NTS) and dorsal motor nucleus of the vagus (DMV) are involved in food intake 

regulation and gastrointestinal function.  

The NTS is a vertical section of grey matter in the caudal brainstem at the level of the 

medulla oblongata [85]. It receives sensory projections from many cranial nerves 

including vagal afferents from visceral organs. The NTS also projects via second order 

neurons to various brain regions including the hypothalamus, and to other brainstem 

nuclei including the DMV. Further, the NTS also contains POMC and NPY expressing 

neurons to regulate appetite signalling at the level of the brainstem [86].  

The DMV is located in the medulla oblongata adjacent to the fourth ventricle. It contains 

vagal efferent neurons that project to the thoracic and visceral organs to regulate motor 

activity. Notably, the DMV is involved in reflexes such as the vagovagal reflex to regulate 

gastrointestinal motility [87].  

1.2.2| Peripheral Food Intake Regulation 

Hormones secreted from white adipose tissue are basally active signals, providing 

information relating to energy stores, and thus serve as regulators of long term food 

intake. Conversely, hormones from the gastrointestinal tract serve as signals relating to 
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food intake and regulate short term satiety signals. These peripheral hormones can 

regulate appetite via the vagal afferent nerves or the CNS [88]. 

Energy store signals 

White adipose tissue generally serves as the body’s energy store where it can be utilised 

when energy intake is low. It secretes many peptides that can regulate energy balance and 

metabolism such as leptin and adiponectin.  

Leptin is a 16 kDa adipokine and is typically secreted in proportion to adipocyte size and 

adipose mass [89]. It enters the circulation and, via a saturable transport protein [90], can 

cross the hypothalamic blood brain barrier. Here it binds to its receptor in many different 

hypothalamic neurons where it inhibits NPY and activates POMC neurones resulting in 

reduced food intake [91] and increased energy expenditure [92, 93]. A deficiency of 

leptin, or genetic mutation of the leptin receptor, induces hyperphagic behaviour and the 

development of obesity [94, 95]. Interestingly, genetic deletion of the leptin receptor in 

specific hypothalamic POMC neurons only induces a modest body weight increase 

compared to whole body genetic deletions [96]. This suggests that multiple sites of leptins 

actions are needed to control appetite and body weight.  

Obese individuals typically exhibit hyperleptinemia, however, in obesity the appetitive 

and metabolic effects of leptin are lost due to central leptin resistance or insensitivity [97]. 

One suggestion for leptin resistance is reduced blood brain barrier transit of leptin in 

obesity [98]. Other suggestions include suppression of leptins signalling pathways via 

inhibition of signal transducer and activator of transcription-3 by suppressor of cytokine 

signalling-3 [99].  
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Adiponectin is secreted from adipocytes as oligomers of varying molecular weights. 

Different from leptin, it is secreted inversely proportionate to adipose mass. [100]. Low 

molecular weight adiponectin is thought to have anti-inflammatory properties [101] 

whilst high molecular weight adiponectin is correlated with reduced risk of type-two 

diabetes [102]. There are reports suggesting adiponectin can influence food intake [103, 

104], however, this is conflicting. There is evidence to suggest that adiponectin can 

increase food intake through inhibiting POMC neurons in the ARC [105]. Conversely, 

there is evidence that adiponectin can reduce food intake when intramuscularly 

administered in the periphery [104]. Exogenous administration of adiponectin in obese 

rats reduced body mass, however, this was due to increased lipolysis rather than reduced 

food intake [106]. 

Pancreatic β-cells co-secrete insulin and amylin in proportion to adipose mass [107] and 

there is evidence to suggest they influence food intake. Although insulin is associated 

with the control of blood glucose levels, similar to leptin, circulating insulin levels 

increase post-prandially and can inhibit NPY neurones in the ARC to reduce food intake 

[108]. Interestingly, this inhibitory effect is not observed in NPY neurones that co-express 

AgRP [109].  Given this, and that insulin interacts with leptin [96], it can be considered 

an energy store signal. 

Circulating amylin levels also increase post-prandially [110] in response to carbohydrates 

[111], where it can reduce meal size [112]. Amylin crosses the blood brain barrier via 

facilitated diffusion [113]. It acts upon its receptors in POMC neurons in the ARC [114] 

via in the NTS [115] where it can induce satiety In obesity circulating levels of both 

insulin and amylin are increased, however, the normal satiety effects are not observed 

suggesting an insensitivity to these peptides [116, 117].  
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1.2.2.1| Gastrointestinal signals 

The gastrointestinal tract is vital for the intake, digestion and absorption of nutrients. It 

also plays an important role in relaying signals to the CNS on the arrival, amount, and 

chemical composition of a meal. As food is digested, nutrients are sensed and stimulate 

hormone secretion. Their secretion is also regulated by other inputs including mechanical 

neural stimuli. This information is processed, eventually leading to satiety and 

termination of a meal. Whilst there are a multitude of gastrointestinal hormones, the 

following sections will focus on a select few as their role in food intake is well established. 

A summary of these gastrointestinal hormones, regulation of their secretion, and food 

intake effects are located in table 1.1.  

Macronutrients 

The three main macronutrients, proteins, carbohydrates, and lipids, can influence food 

intake via the release of gastrointestinal hormones, vagal afferent pathways, or directly 

on the CNS. Traditionally there were three main theories regarding macronutrient 

regulation of food intake, however, recent theories suggest it is a combination.  

Proteins are broken down into amino acids by gastric acid and peptidase enzymes. They 

are detected by nutrient sensors on enteroendocrine cells. These sensors include: taste 

receptor 1 member 1 (T1R1)/T1R3 [118], calcium sensors, G-protein coupled receptor 

93 (GPCR93), and GPCR93 [119]. Amino acids can trigger the production and secretion 

of satiety hormones such as CCK [120], the latter of which is mediated by the GPCR93 

nutrient sensor [121].  

Glucose, fructose and sucrose are the most commonly ingested simple carbohydrates. 

Complex carbohydrates such as oligosaccharides are broken down into these simple 
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carbohydrates. Sugars are detected by nutrient sensors on enteroendocrine cells such as 

T1R2/T1R3 and sodium-glucose transporters (SGLTs) [122]. SGLTs can induce the 

release of gastrointestinal hormones such glucagon like-peptide-1 (GLP-1). The potency 

of carbohydrates to induce hormone release is significantly higher when combined with 

fibre [123]. Whilst the reason for this is not known, fibre can slow the absorption of 

nutrients, allowing a prolonged sensing of nutrients and gastrointestinal hormone 

secretion [124]. 

Lipids are broken down by lipases to produce free fatty acids (FFAs) and monoglycerides. 

Similar to proteins and carbohydrates, FFAs are detected by nutrients sensors such as 

GPCR40, GPCR41, GPCR43, GPCR84, and GPCR120 [120] located on enteroendocrine 

cells. GPCR41 and GPCR43 generally sense short-chain FFAs [125] whereas GPCR40, 

GCPR84 and GPCR120 sense medium and long-chain FFAs [126]. Further, short-chain 

FFAs stimulate the release of PYY [125] whilst medium and long chain FFAs stimulate 

secretion of GLP-1 [126].  

Macronutrients can also indirectly activate vagal afferent neurones via hormone release, 

particularly in the small intestine, to induce satiety [127]. A vagotomy can prevent the 

nutrient induced effects on food intake [128]. For example, satiety induced by 

carbohydrates is completely abolished by a vagotomy, whereas satiety induced by amino 

acids is only reduced by a vagotomy [128]. Macronutrients also act directly on the CNS. 

For example, amino acids can be sensed by ARC neurons and can increase the levels of 

α-MSH and decrease the levels of NPY [127]. Carbohydrates can induce satiety by 

reducing NPY levels in the LHA [129], however, over consumption of carbohydrates, 

especially simple ones, can increase NPY expression and food intake [130]. Lastly, FFAs 

inhibit expression of NPY in the ARC to reduce food intake [131]. 
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Micronutrients 

Micronutrients may also play a role in the regulation food intake. Although it is difficult 

to isolate the effects of a single micronutrient, reports have suggested calcium can 

influence food intake [132]. Studies have shown that dietary supplementation of calcium, 

or even a general multivitamin [133], in obese individuals led to a reduction in food intake 

and increased weight loss [134]. In the case of calcium, this may be due to the ability of 

calcium to stimulate PYY release [135]. However, this requires further investigation.  
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 Figure 1.3  Peripheral regulation of appetite.  

Signals from adipose tissue (e.g. leptin and adiponectin) and the pancreas (e.g. insulin 

and amylin) can enter the blood stream and act as indicators of energy storage to regulate 

appetite at the level of the hypothalamus. Ghrelin and leptin produced in the stomach can 

regulate appetite via action at the peripheral vagal afferent endings or via the circulation. 

Nutrients in the stomach can also regulate appetite in vagal afferent mediated manners. 

In the small intestines, glucagon-like peptide 1 (GLP-1), peptide tyrosine tyrosine (PYY), 
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and cholecystokinin (CKK) can regulate appetite either via vagal afferents or by entering 

the bloodstream.  

 

PYY 

PYY is a 36 amino acid peptide synthesised and secreted by L-cells in the proximal small 

intestine [136]. Following secretion it is cleaved and forms two isoforms, PYY (1-36) and 

PYY (3-36). PYY (1-36) is slightly more prevalent in the circulation compared to PYY 

(3-36) [137]. PYY can regulate gastrointestinal function by reducing gastric emptying 

[138] and gastric acid secretion [139]. Further, both isoforms of PYY can cross the 

hypothalamic blood brain barrier [140]. PYY (1-36) can bind to Y1 and Y5 receptors to 

stimulate food intake in the ARC [137]. Conversely, PYY (3-36) specifically binds to Y2 

receptors in the ARC to decrease NPY signalling and food intake [141]. The effects of 

PYY (3-36) on food intake are more potent than PYY (1-36) [137].  

Levels of PPY rise post-prandially to aid in the cessation of food intake [142]. In obesity, 

circulating levels of PYY are unchanged, although, postprandial levels are lower 

compared to lean individuals [143]. Further, the anorexigenic effects of PYY persist in 

obesity with PYY supplementation aiding in weight loss [144].  

GLP-1  

GLP-1 is produced from proglucagon in intestinal L-cells, and to a lesser extent from 

brainstem neurons. It is secreted in two isoforms, GLP-1 (7-36) and GLP-1 (7-37) [145], 

with the former being more prevalent [146]. Levels of GLP-1 rise rapidly (~15minutes 

[147]) following food intake and before intestinal exposure to food. The post-prandial 
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secretion of GLP-1 may be partly mediated via vagal efferent pathways with reports that 

a subdiaphragmatic vagotomy reduces lipid induced GLP-1 secretion [148].   

GLP-1 can inhibit gastrointestinal motility and gastric emptying [149, 150], and reduce 

food intake [151]. This satiety effect is likely due to the peripheral effects of GLP-1 on 

vagal afferent nerves [152], however, the presence of GLP-1 receptors within the 

hypothalamus indicate a possible central effect [153].  Further, circulating GLP-1 is 

reduced in obesity, although, whilst the hypophagic effects are still present, there is a 

blunted post-prandial effect [154]. 

CCK  

CCK was the first gastrointestinal hormone discovered to regulate food intake. It is 

postprandially secreted from intestinal I-cells [155] with concentrations peaking at 15 

minutes after the initiation of food intake and before intestinal exposure to food. CKK 

has a relatively short half-life of approximately 3 minutes [156]. The release of CCK can 

also be mediated by vagal efferent neurons with stimulation of the vagal nerve alone for 

10 minutes inducing CCK release [157]. CCK acts via vagal afferent neurones to inhibit 

gastrointestinal motility and gastric emptying, and reduce meal size [158]. Single acute 

doses of CCK reduce food intake [159] whereas chronic continuous doses have no effect 

[160], suggesting a role in the short term, but not long term, inhibition of food intake. 

Further, amylin can induce or enhance the satiety causes by CCK  

In obesity, circulating levels of CCK are increased, and the satiety effects are maintained, 

suggesting it does not contribute to the hyperphagia observed in obesity [161].  
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Leptin 

Whilst traditionally an adipokine, leptin is also produced and secreted by gastric chief 

cells and P-cells [162]. Leptin is secreted into the lumen of the stomach attached to its 

receptor [163] where it can regulate nutrient absorption and gastrointestinal motility.  

The effect of leptin on nutrient absorption depends on the nutritional state. For example, 

in the fasting state leptin decreases the absorption of carbohydrates by reducing the 

activity of SGLTs [164]. Conversely, in the fed state leptin increases carbohydrate, 

protein, and FFA absorption by upregulating glucose transporters 2 and 5, tripeptide 

transporter 1, and fatty acid binding proteins (FABPs) respectively  [165].  

Leptin regulates gastrointestinal motility in conjunction with CCK by delaying gastric 

emptying [166]. It is plausible that the delayed gastric emptying may contribute to the 

satiety effects of leptin. However, the leptin receptor is also expressed in vagal afferent 

neurones suggesting another possible pathway [167], although this is controversial, and 

will be discussed in a later section.  

Circulating leptin levels are generally in proportion to adipose mass to regulate long term 

energy balance, however, levels of leptin increase post-prandially to regulate short term 

energy balance [168]. In obesity leptin levels are elevated, however, its normal effects are 

lost due to leptin resistance [169]. 

 

Ghrelin 

The orexigenic hormone ghrelin is an endogenous ligand for the growth hormone 

secretagogue receptor (GHSR). It is mainly produced and secreted by gastric X/A-like 

cells, however, it also produced in small amounts in the hypothalamus [170]. Structurally, 
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the active form of ghrelin, acyl-ghrelin, contains an octanyl group which is necessary for 

GHSR binding. The unacylated form is known desacyl-ghrelin [171]. Functionally, 

within the gastrointestinal tract ghrelin can increase motility [172] and gastric acid 

secretion [173], and may play a role in food intake. 

Circulating levels increase pre-prandially and decline post-prandially [174] suggesting a 

role in food intake initiation. GHSR is expressed in the hypothalamus and vagal afferents 

[175], and therefore ghrelin can act on the CNS either via the week hypothalamic blood 

brain barrier, or via vagal afferent endings in the stomach [175]. 

Circulating levels of ghrelin are reduced in obesity, however, the expression of GHSR in 

obesity is conflicting. Some reports indicate decreased GHSR expression in the 

hypothalamus and vagal nerve [176], whilst others report an increase [177]. Further, post-

prandial circulating levels of ghrelin persist in obesity with no significant decline [178].  

Similar to leptin, resistance to ghrelin is also present in obesity. It has been suggested 

that resistance to ghrelin protects against the establishment of a much higher set body 

weight point during obesity [179]. Further, obese mice with a ghrelin deletion exhibit 

reduced body weight regain following weight loss compared to wild-type mice [180]. 

Given this, it is possible that ghrelin resistance may also protect against weight rebound 

following weight loss. Ghrelin transit through the blood brain barrier, and the ability of 

ghrelin to stimulate NPY/AgRP neurons is reduced in obese mice [181] which may 

contribute to ghrelin resistance. 
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Table 1.2: Gastrointestinal hormone functions and their regulation by nutrients. 

Hormone Secretion 

Nutrient 

Stimulation 

Gastrointestinal 

Functions 

Food 

Intake 

Obesity 

Levels 

Obesity 

Sensitivity 

PPY (3-

36) 

Intestinal 

L-cells 
Lipids 

↓Gastric 

emptying [182] 

↓Gastric acid 

[139] 

↓ [141] 
↔ 

[142] 
↔ [143] 

GLP-1 
Intestinal 

L-cells 

Carbohydrates 

Lipids 

↓Gastric 

emptying [149] 

↓Motility [150] 

↓Gastric acid 

[183] 

↓ [153] ↓ [154] ↔ [154] 

CCK 
Intestinal 

I-cells 

Proteins 

Lipids 

↓Gastric 

emptying [184] 

↓Motility [185] 

↓ [158] ↑ [185] ↔ [186] 

Leptin 

Gastric 

Chief 

cells and 

P-cells 

 

Immune [187] 

Cell proliferation 

[188] 

↓ [91] ↑ [169] ↓ [169] 

Ghrelin  
Gastric 

X/A cells 

Proteins 

Lipids 

↑Motility [189] 

↑Gastric acid 

[173] 

↑ [174] ↓ [172] ↓ [190] 

 

 

 

1.3| Vagal Nerve 

Cranial nerve ten, the paired vagal nerves, are involved in the parasympathetic control of 

the thoracic and visceral organs. Approximately 10% of the vagal fibres are efferent for 

motor functions, and 90% are afferent for sensory functions [191]. In the gastrointestinal 

tract the vagal nerve is involved in many functions including gastrointestinal motility, 

gastric emptying, and satiety signalling [191].  

The vagal nerves exit the brainstem at the level of the medulla between the medullary 

olives and inferior cerebellar peduncles before exiting the skull through the jugular 

foramen [192]. Within the jugular foramen is the superior ganglia of the vagal nerve, 

which contains the pseudounipolar neuronal cell bodies of central vagal nerve fibres. The 

gastrointestinal projections of the superior ganglia primarily innervate the oesophagus. 
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Immediately inferior to the jugular foramen is the inferior ganglia of the vagal nerve, also 

known as the nodose ganglia, which contains the pseudounipolar neuronal cell bodies of 

peripheral vagal nerve fibres. The projections from the nodose ganglia innervate the rest 

of the gastrointestinal tract.[193].  

In the neck the vagal nerves travel inferiorly in the sheath of the common carotid artery 

and the internal jugular vein before entering the thoracic chamber. The right vagal nerve 

travels posterior to the right lung descending to the posterior surface of the oesophagus 

where it becomes the posterior vagal trunk [194]. The left vagal nerve travels across the 

aortic arch and posterior to the left lung descending to the anterior side of the oesophagus 

where it becomes the anterior vagal trunk. Both the anterior and posterior vagal trunks 

enter the abdominal cavity via the oesophageal opening in the diaphragm [195].  

The posterior trunk of the vagal nerve innervates the posterior stomach before branching 

into the large celiac branch to innervate the duodenum, liver, kidneys, small intestine, and 

the large intestine up to the distal colon. The anterior trunk of the vagal nerve innervates 

the anterior stomach, liver, proximal duodenum, and the pancreas [196].  

1.3.1| Gastrointestinal Vagal Afferents 

Gastrointestinal vagal afferents are involved in sensing mechanical, chemical, and 

hormonal stimuli. These signals are relayed to the CNS and integrated to regulate 

gastrointestinal homeostasis and satiety. It is important to note that intestinal vagal 

afferents are located in the crypts and villi, and are mainly chemosensitive [197]. 

Conversely, gastric vagal afferents (GVAs) are located in the gastric glands and are 

mainly mechanosensitive. 
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Within the gastrointestinal tract, there are three morphologically distinct types of vagal 

afferent endings, intraganglionic laminar endings (IGLEs), intramuscular arrays (IMAs), 

and mucosal vagal afferents. 

IGLEs are flattened nerve branches present in the myenteric plexus of the gastrointestinal 

tract between the longitudinal and circular muscles (Figure 1.4). They are located in 

nearly all regions of the gastrointestinal tract including the oesophagus, stomach, small 

intestines, and large intestines, with their prevalence decreasing orally to aborally [198]. 

Given their location and high number of mitochondria [199], IGLEs likely have a 

mechanosensitive function to detect movement between the muscular layers such as 

stretch or distension. Distortion of the tissue surrounding the IGLEs causes stretch 

activated ion channels to open leading to an action potential [200]. Further, there is 

speculation that IGLEs may also have a paracrine chemosensitive role [198, 201]. 

IMAs form parallel fibres bundles within the circular and longitudinal muscular layers of 

the gastrointestinal tract [202] (Figure 1.4). They also bifurcate and progress in close 

proximity to interstitial cells of Cajal which are involved in smooth muscle function 

[203]. Given this, it is likely that IMAs also play a role in sensing stretch of the 

gastrointestinal wall [202]. 

Mucosal vagal afferent endings are present in the lamina propria of the gastrointestinal 

tract, most concentrated within the duodenum. [204]. They are located close to 

enteroendocrine cells that secrete appetite regulating hormones, suggesting a 

chemosensitive role [198]. Although, mucosal vagal afferents are also mechanosensitive 

to light contact but not stretch. It is likely that this mechanosensitive role is involved in 
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the detection of food particle size. A previous study indicated that denervation of the 

gastric mucosa increased the size of intestinal food particles [205].  

Small Intestinal Vagal Afferents and Satiety 

Intestinal vagal afferents are most concentrated in the duodenum, decreasing in 

prevalence distally to the ileum [198]. These vagal afferents play a role in gastrointestinal 

satiety signalling. Denervation of small intestinal vagal afferents reduces the 

carbohydrate and lipid induced inhibition of food intake [206]. Further, small intestinal 

vagal afferent endings express receptors for gastrointestinal hormones such as CCK 

[207], and GLP-1 [208]. CCK and GLP-1 excite small intestinal vagal afferents to inhibit 

food intake [209, 210], an effect blocked by vagotomy [211, 212]. This suggests that 

small intestinal vagal afferents mainly serve a chemosensitive role, however, they also 

respond to mechanical distension. A recent study indicated that duodenal, but not gastric, 

vagal afferents are necessary to generate satiety signals in response to stretch [213]. 

However, this study was performed in fasted mice where GVA mechanosensitivity is 

already reduced [167], and therefore, GVAs would not play a substantial role in producing 

satiety signals in this state.  

Gastric Vagal Afferents 

In addition to the accommodation and digestion of food, the stomach also plays a pivotal 

role in the peripheral control of food intake via GVAs which relay food related signals to 

the NTS and higher brain centres [214]. Within the gastric wall there are two distinct 

types of mechanosensitive GVAs, tension and mucosal sensitive GVAs.  

Tension sensitive GVAs have a basal level of activity and become more active upon 

contact or distension of the gastric wall [215] (Figure 1.4). Current evidence suggests that 
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tension sensitive GVAs have a role in the initiation of gastric reflexes [196] and 

generating feelings of fullness and satiety [216].  

Mucosal sensitive GVAs generally do not have a basal level of activity and become active 

upon contact with the gastric epithelia [215] (Figure 1.4). Current evidence suggests that 

mucosal sensitive GVAs have a role in nausea, vomiting [217], and detecting food 

particles, establishing negative feedback signals for gastric emptying [205]. 

 

 

Figure 1.4: Typical response of mechanosensitive mucosal or tension gastric vagal 

afferent receptors to mucosal stroking or circular tension [215].  

(A) Mucosal sensitive gastric vagal afferents (GVAs) produce a burst of action potentials 

upon contact with the gastric epithelia. This is a graded response with thicker von Frey 

hairs producing a higher response. Mucosal sensitive GVAs do not respond to circular 

tension applied to the gastric wall. (B) Tension sensitive GVAs respond to circular tension 

of the gastric wall with higher tensions producing a greater response. They also respond 
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to contact with the gastric epithelium, however, it is possible that this is due to slight 

stretching of the GVA upon von Frey hair stroking. 

 

 

Figure 1.5: The structure and vagal afferent innervation of the gastrointestinal 

wall. 

The gastrointestinal wall is composed of the mucosal layer for secretion of digestive 

acids, hormones, and nutrient absorption. This layer contains the mucosal vagal afferents. 

The submucosa contains blood vessels and nerves passing through. The circular and 

longitudinal muscular layers of the gastrointestinal wall aid in motility and are separated 

by the myenteric plexus. These three layers contains tension afferent innervation. The 

final outermost layer is the serosal layer which secretes fluid to minimise friction from 

muscle movement.   
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1.3.2| Modulation of gastric vagal afferents  

The sensitivity of GVAs to mechanical stimuli can be regulated by gastrointestinal 

hormones and adipokines, time of day, stress, fasting, and diet-induced obesity.  

Hormones and Adipokines 

The gastric mucosa secretes hormones such as ghrelin and leptin which can regulate GVA 

mechanosensitivity. Ghrelin is associated with meal initiation and is secreted by gastric 

X/A-like cells [218] in close proximity to GVA endings [167]. Further, GHSR is 

expressed in GVA neurons [219].  Ghrelin reduced the mechanosensitivity of tension 

sensitive GVAs to stretch but did not affect GVA mucosal receptors [220]. Following a 

vagotomy, the stimulatory effects of ghrelin on food intake were lost [221] or dampened 

[175], supporting the notion that ghrelin’s effects on food intake are partially mediated 

via vagal pathways.  

Peripheral leptin is associated with meal termination and is secreted by gastric parietal 

and chief cells [166]. Further, leptin receptor is expressed in GVA neurons [222]. Leptin 

increases the mechanosensitivity of mucosal sensitive GVAs [223], an effect which may 

subsequently reduce gastric emptying [205]. The signalling pathway used by leptin on 

mucosal sensitive GVAs is dependent on phospholipase C (PLC) and transient receptor 

potential (TRP) canonical (TRPC) channels [223].  

 

Circadian Rhythmicity 

Circadian rhythms are necessary to help maintain an optimal and efficient environment 

by synchronising body systems with external cues. The sensitivity of GVAs to 
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mechanical stimuli exhibits a diurnal variation inversely proportional to food intake 

[224]. For example, murine GVA sensitivity peaks during the active or light phase when 

food intake is low, and nadirs during the dark or active phase when food intake is high 

[224]. These rhythms persist upon fasting or prolonged darkness (3 days) suggesting that, 

in the short term, they are not dependent on food intake or light/dark cycles. Although, in 

the long term, chronic high fat diet (HFD) feeding [225] or light cycle disruptions (e.g. 

shift work [226]) dampens GVA circadian rhythms. 

Time of day can also influence the effects of leptin, but not ghrelin, on GVA 

mechanosensitivity. The potentiating effect on leptin on the mechanosensitivity of 

mucosal sensitive GVAs peaks during the light or resting phase in mice, and nadirs during 

the dark or resting phase [225]. It is plausible that this may partially contribute to the 

diurnal rhythms in food intake.  

Stress 

Stress can lead to undesirable gastrointestinal symptoms such as early satiety, and post-

prandial pain [227-229]. Compared to non-stressed mice, chronically stressed mice 

exhibit hypersensitivity of mucosal and tension sensitive GVAs to mechanostimulation. 

This is associated with decreased food intake which is consistent with the function of 

tension sensitive GVAs [230]. The pathophysiology of the hypersensitive mucosal 

sensitive GVAs is not currently known as gastric emptying does not differ between 

stressed and non-stressed mice. Further the potentiating effects of leptin on mucosal 

sensitive GVAs is lost in stressed mice, suggesting stress also alters the interaction 

between hormones and GVAs [230].  
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Fasting 

In the short term, fasting reduces the mechanosensitivity of tension sensitive GVAs, likely 

to accommodate food intake. Fasting also alters the effects of gastrointestinal hormones 

[167, 223]. The ghrelin receptor, GHSR, is increased in the nodose ganglia following an 

overnight fast, and, in addition to its inhibitory effect on tension sensitive GVAs, ghrelin 

acquires an inhibitory effect on mucosal sensitive GVAs [167]. Mucosal sensitive GVAs 

are associated with detecting food particle size and gastric emptying [205]. Gastric 

emptying is increased during fasting periods [231]. Therefore, the inhibitory effect of 

ghrelin on mucosal sensitive GVAs during fasting may contribute to the increased gastric 

emptying. 

After an overnight fast, leptin receptor expression in nodose ganglia is unchanged, and, 

leptin loses its effect of the mechanosensitivity of mucosal sensitive GVAs, and acquires 

an inhibitory effect on tension sensitive GVAs [223]. This is likely to accommodate food 

intake. Further, the leptin signalling pathway in tension sensitive GVAs is mediated via 

phosphoinositde-3-kinase (PI3K) and large-conductance calcium-activated potassium 

channels (BKCa) [223]. 

1.3.3| Vagal Afferents and Diet-Induced Obesity 

Obese individuals exhibit hyperphagic behaviour [177, 232] which could partly be due to 

impaired satiety signalling by gastrointestinal vagal afferents. In mice, chronic HFD 

feeding dampens the mechanosensitivity of oesophageal, gastric [167], and jejunal [233] 

vagal afferents to distension. In GVAs, this dampened response persists on return to a 

normal diet [234], suggesting diet-induced obesity has long term effects on vagal afferent 

responses to distension and subsequent satiety signalling.  
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Diet-induced obesity also alters the response of vagal afferents to gastrointestinal 

hormones. For example, in diet-induced obese mice, jejunal afferents exhibit dampened 

responses to the satiety hormone CCK [233]. Further, the effects of ghrelin and leptin on 

GVAs in diet-induced obese mice mimic that of fasting conditions [167, 223], 

subsequently promoting food intake. 

Although it is not known what causes or contributes to the decreased mechanosensitivity 

of vagal afferents to distension in diet induced obesity, it is speculated that the TRP 

vanilloid 1 (TRPV1) channel may be involved [235]. The potentiating effects of the 

TRPV1 agonist N-oleoyldopamine (OLDA) on tension sensitive GVAs are lost in diet-

induced obesity. Further, deletion of TRPV1 channels in lean mice causes dampened 

tension sensitive GVA responses to stretch. This effect is not exacerbated any further in 

TRPV1 null diet-induced obese mice [235]. Therefore it is plausible that dysregulation or 

dysfunction of the TRPV1 ion channel in GVAs may contribute to this. However, this is 

complicated by TRPV1 interactions with endocannabinoid and ghrelin systems.  

 

 

1.4| Endocannabinoid System 

The endocannabinoid system consists of a set of cannabinoid (CB) receptors, CB1 and 

CB2 receptors, and their lipid derived ligands, N-arachidonoylethanolamine (also known 

as anandamide; AEA) and 2-arachidonoglycerol (2-AG) [236]. CB1 receptors are 

predominantly found in the nervous system and have a high affinity for AEA whilst CB2 

receptors are predominantly found in the immune system and have a high affinity for 2-

AG [237].  
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1.4.1| Cannabinoid Receptors 

Expression 

The CB1 receptor was first discovered in 1990 as a ligand for Δ9-tetrahydrocannabinol 

and the CB2 receptor was discovered in 1993 in leukaemia cells. Both receptors belong 

to a family of rhodopsin-like GPCRs [238]. Centrally, the CB1 receptor is highly 

expressed in the cerebellum [239], basal ganglia [240], hippocampus [241], and 

hypothalamus [242], whilst the CB2 receptor is highly expressed in microglia [41] with 

negligible expression in the brainstem [243]. In the periphery the CB1 receptor is highly 

expressed in the dorsal root ganglia [244] and vagal afferent nerves [245], whilst CB2 is 

expressed in immune tissues such as the spleen [246] and tonsils [247]. Further the CB1 

receptor is also present in gastrointestinal mucosal cells such as enteroendocrine cells 

[248], where it is involved in hormone [249] and gastric acid secretion [250]. The CB2 

receptor is also expressed in the gastrointestinal tract, however, here it is involved in 

intestinal inflammatory responses [251]. 

Structures 

The CB1 receptor is composed of 472 amino acids (473 in murine species) whilst the 

CB2 receptor is composed of 330 amino acids [252]. Their structures are similar to most 

other GPCRs consisting of 7 transmembrane domains composed of α-helixes connected 

by extra- and intracellular loops, an extracellular N-terminal, and an intracellular 

amphipathic helix and C-terminal [253-256] (Figure 1.5).  

In its inactive crystal form, the transmembrane domains of the CB1 and CB2 receptors 

form a cylindrical-like with a complex central orthosteric binding pocket [254, 255]. The 

orthosteric binding pockets are hydrophobic and largely negatively charged. This may 
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contribute to the selectivity of the receptors for lipid ligands and discourage interactions 

with negatively charged phospholipids [255, 256]. Further, the antagonist binding pocket 

of the CB1 receptor is large in comparison to the CB2 receptor antagonist binding pocket. 

However, the size of the CB2 receptor antagonist binding pocket is similar to the CB1 

receptor agonist binding pocket [255]. This may partially explain why some CB2 receptor 

antagonists display partial agonist activity at the CB1 receptor. 

The N-terminal of the CB1 receptor is approximately 110 amino acids long whilst the N-

terminal of the CB2 receptor is only 33 amino acids long. The majority the CB1 receptor 

N-terminal can be deleted without affecting ligand mediated G-protein activation [257-

259]. However, the proximal region of the N-terminal may play a role in binding affinity 

and allosteric activation [260]. Further, the N-terminal also forms a lid over the orthosteric 

binding pocket when a ligand is bound, protecting it from extracellular degradation [256]. 

Conversely, the N-terminal of the CB2 receptor forms a short helix over the binding 

pocket but is not involved in ligand affinity.  

Lastly, the C-terminal of the CB1 receptor consists of 73 amino acids whilst the C-

terminal of the CB2 receptor consists of 59 amino acids. The main function of their C-

terminals is G-protein coupling and activation [237]. However, there is evidence to 

suggest that the C-terminals of the CB1 and CB2 receptors may also interact with other 

secondary messengers [261] and mediate receptor desensitisation [262]. Further the C-

terminal of the CB1 receptor can also regulate constitutive activity [263]  and act as a 

membrane anchor [264].  
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Figure 1.6: Generalised structure of the cannabinoid receptors. 

(A) The cannabinoid 1 (CB1) receptor with (i) a long N-terminal involved in ligand 

affinity and orthosteric pocket covering, (ii) a transmembrane domain composed of 7 

alpha helices and 1 amphipathic helix parallel to the membrane, and (iii) a long C-

terminal. (B) The CB2 receptor with (i) a short N-terminal not involved in ligand affinity, 

(ii) a transmembrane domain composed of 7 alpha helices and 1 amphipathic helix 

parallel to the membrane, and (iii) a short C-terminal. 

 

Localisation 

Predominantly located on cell surface membranes, the CB1 and CB2 receptors can 

regulate intracellular calcium and cyclic adenosine monophosphate (cAMP) through 

secondary messenger pathways [265]. However, CB1 receptors are also present 

intracellularly on endosomes, lysosomes, and mitochondria (Figure 1.6). Endosomal CB1 

receptors occur following internalisation from the cell surface membrane and their 

signalling is mediated via β-arrestins [266]. Lysosomal CB1 receptors increase 

intracellular calcium via release from the endoplasmic reticulum and the lysosome itself 
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[266]. Mitochondrial CB1 receptors act to decrease mitochondrial respiration and cAMP 

levels [267, 268]. Recently CB2 receptors have also been shown to have an intracellular 

presence where they can regulate calcium activated chloride channels, however, their 

exact intracellular localisation is not known [269].  

 

 

 

Figure 1.7: Cellular localisations of the cannabinoid receptors [252]. 

(A) Plasma membrane bound cannabinoid 1 (CB1) and CB2 receptors generally act to 

decrease intracellular calcium levels. (B) Endosome bound CB1 signalling following 

internalisation is mediated via β-arrestins. (C) Lysosome bound CB1 receptors act to 

increase intracellular calcium via endoplasmic reticulum. (D) Mitochondrial bound CB1 

receptors act to decrease mitochondrial cyclic adenosine monophosphate (cAMP) levels 

and mitochondrial respiration. (E) Intracellular CB2 can act to activate calcium activated 

chloride channels. 
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Signalling 

Both the CB1 and CB2 receptors are largely coupled to G-proteins with Gαi/o subunits 

[270]. However, there is evidence to suggest that they can also couple to G-proteins with 

Gαs and Gαq subunits (Figure 1.7). This differential coupling is tissue, ligand, and ligand 

concentration specific.  

Gαi/o subunits can inhibit or activate various secondary messengers or ion channels. 

Predominantly, Gαi/o inhibits adenylyl cyclase (AC) to decrease cAMP production. This 

can lead to decreased protein kinase A (PKA) activity and stimulation of mitogen 

activated protein kinases (MAPKs) [271]. The βγ subunits from the G-protein can inhibit 

calcium channels and activate G-protein coupled inward rectifying potassium channels 

[272]. Further, the βγ subunit can also activate PI3K pathways to regulate various cellular 

and biological processes (Figure 1.7) [273].  

Gαs subunits activate AC to increase cAMP levels leading to increased PKA activity 

[274] and phosphorylation of cAMP response element binding proteins (Figure 1.7) 

[275]. Gαs is generally activated when the dopamine 2 receptor is activated 

simultaneously [276] or when Gαi/o is unavailable due to sequestration or antagonism 

[277].  

Gαq subunits increase intracellular calcium via membrane bound PLC [278]. PLC cleaves 

the phospholipid phosphatidylinositol-4,5-bisphosphate (PIP2) to form diacyglycerol 

(DAG), and inositol-1,4,5-triphosphate (IP3). DAG activates protein kinase C (PKC) 

subsequently affecting many cellular processes including calcium influx via voltage gated 

calcium ion channels [279]. IP3 increases intracellular calcium stores via binding to IP3 
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receptors on endoplasmic reticulum (Figure 1.7) [280]. This type of receptor signalling 

has been observed in rat hippocampus and may be ligand dependent [281].  

 

Figure 1.8: Different signalling pathways utilised by cannabinoid receptors. 

(A) Cannabinoid receptor (CBR) coupled to Gαi/o type G-protein can inhibit adenylyl 

cyclase (AC) to activate mitogen activated protein kinases (MAPKs). The βγ subunit can 

activate potassium channels and phosphoinositide-3-kinase (PI3K) pathways, and inhibit 

calcium channels. (B) CBRs coupled to Gαs type G-proteins can activate AC to increase 

cyclic adenosine monophosphate (cAMP) and subsequently increase protein kinase A 

(PKA) activity, and decrease MAPK activity. (C) CBRs coupled to Gαq type G-proteins 
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can activate phospholipase C (PLC) to cleave phosphatidylinositol-4,5-bisphosphate 

(PIP2) in to diacyglycerol (DAG), and inositol-1,4,5-triphosphate (IP3). IP3 releases 

calcium from smooth endoplasmic reticulum (ER) and DAG increases PKC activity. 

Green lines represent activation, red lines represent inhibition, dashed lines represent 

secondary effect. 

 

Desensitisation  

Desensitisation is common among GPCRs, preventing repeated G-protein signalling and 

indeed is also present to a degree with the CB1 and CB2 receptors [282]. However, the 

extent of desensitisation largely depends on the type and concentration of the agonist. 

Following agonist binding and G-protein activation, a GPCR is phosphorylated by G-

protein coupled receptor kinases. Generally, this allows the binding of an arrestin to 

prevent repeated signalling.  However, it should be noted that it is not clear whether the 

phosphorylation alone or the arrestin prevents repeated signalling [282]. Further, whilst 

the initial signalling has been stopped by this process, the down-stream effects on targets 

such as ion channels can persist for an extended period [283]. 

In the case of the CB1 receptor this desensitisation process is dependent on ligand type 

and concentration. Some agonists such as desacetyllevonantradol can totally desensitise 

the CB1 receptor in as little as 30 minutes [284], whilst other agonists, such as Δ9-

tetrahydrocannabinol (Δ9-THC), can take significantly longer and do not desensitise the 

CB1 receptor completely [285]. Further, the concentrations of CB1 agonists such as 

WIN55.21-2 also influence the extent of desensitisation with low concentrations only 

partially desensitising and high concentrations completely desensitising [286]. 
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In contrast, data on CB2 receptor desensitisation is limited. Whilst there is evidence to 

suggest the CB2 receptor can be desensitised, it appears that endocannabinoids do not 

completely desensitise the CB2 receptor to stimuli [272, 287].  

Internalisation 

Following agonist stimulation the CB1 and CB2 receptors can undergo internalisation 

followed by either recycling or degradation [288, 289]. However, the mechanisms and 

extent to which this happens is unclear. 

Internalisation of the CB1 receptor is mediated by clathrin or caveolae depending on the 

tissue [288, 290], and appears to be dependent on two factors. First, it is likely that not all 

agonists are capable of inducing CB1 receptor internalisation, suggesting an agonist 

dependent mechanisms [291]. Second, high expression of the CB1 receptor prevents 

internalisation. This is due to the saturation of intracellularly located CB1 receptors, 

which prevents further internalisation [292]. Further, in the current data the fate of the 

CB1 receptors following internalisation is conflicting. Some reports suggest that the CB1 

receptors are recycled and returned to the cell surface [288, 289] whilst other reports 

indicate they are rapidly degraded requiring the synthesis and delivery of new CB1 

receptors to the cell surface [293, 294]. 

Data on the internalisation and fate of the CB2 receptor is limited. It has been shown that 

the CB2 receptor is be internalised in response to 2-AG [295]. Further, it has also been 

shown the CB2 receptors undergo recycling with repeated phosphorylation and de-

phosphorylation following agonist stimulation [296].  
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1.4.2| Endocannabinoids 

1.4.2.1| Anandamide 

AEA was first isolated in 1992 and is classified as a fatty acid neurotransmitter [297]. It 

is involved in a diverse range of biological processes including development, memory, 

reward related motivation and food intake. In development, AEA is important for uteral 

blastocyst implantation [298], and in memory it is involved in decreasing working 

memory retention [299]. Further, in reward related motivation it increases the pleasure 

derived from consuming sucrose products [300], and it also promotes food intake through 

an increase in appetite [301]. 

Synthesis 

AEA is an N-acylethanolamine (NAE) and is synthesised on demand and degraded via 

cellular uptake and enzymatic hydrolysis. The traditional synthesis pathway of AEA and 

other NAEs utilises a transacylation-phosphodiesterase pathway (Figure 1.8) [302].   

The transacylation phase is catalysed by either the enzyme N-acyltransferase (NAT) or 

the family of phospholipase A-acyltransferases (PLA-ATs). NAT is calcium dependent  

[303] whereas PLA-ATs are not, however, both transfer an acyl group from the sn-1 

position of donor substrates (e.g. phosphatidylcholine and 1-acyl-lyso-

phosphatidylcholine) to a phosphatidylethanolamine (PtdEtn) phospholipid to produce N-

acylphosphatidyl-ethanolamines (NAPEs) (Figure 1.8) [304, 305]. The type of NAPE 

produced depends on the type of PtdEt phospholipid used. For example, the diacyl type 

PtdEtn produces NAPE, and the alkenylacyl type produces plasmen-NAPE [306].  

The phosphodiesterase phase is characterised by the hydrolysis of NAPEs to produce 

AEA and other NAEs. This step is predominantly catalysed by membrane bound NAPE-
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hydrolysing phospholipase D (NAPE-PLD) [307]. Further, there is evidence to suggest 

that PLC may also be involved in NAPE hydrolysis and NAE production, however this 

is mostly present in macrophages [308]. 

Overall, in the transacylation-phosphodiesterase pathways, acyl chains containing 

arachidonoyl have higher prevalence sn-2 rather than sn-1 positions of the donor 

substrates [306]. Since arachidonoyl is required on the sn-1 position of donor substrates 

for AEA synthesis, of the NAEs produced, AEA makes up only a small portion [302].  

Degradation 

There are two predominant enzymes involved in the degradation of AEA and other NAEs 

to ethanolamine and FFAs (Figure 1.8) [309]. The first is fatty acid amide hydrolase 

(FAAH) with FAAH-1 located on the endoplasmic reticulum and FAAH-2 located on 

lipid rafts, however the latter isoform is not present in rodents [310]. The second enzyme 

is N-acylethanolamine-hydrolysing acid amidase (NAAA) which is only active in acidic 

conditions [311]. Further, NAAA has a higher preference for other NAEs over AEA 

compared to FAAH, and it is mainly located in lysosomes of lung associated macrophages 

[312]. 

There are other pathways for AEA degradation that involve oxygenation processes. These 

include lipoxygenases [313] and cyclooxygenase-2 [314], however, their significance in 

AEA degradation is not clear.  

 

 

 



42 
 

1.4.2.2| 2-Arachidonoylglycerol 

2-AG was first isolated in 1995 from the gastrointestinal tract of canines and is classified 

as a monoacylglycerol (MAG) [315]. Its main role is modulating immune and 

inflammatory responses, however, there is also evidence to suggest that it may mediate 

visceral pain responses via enteric neurons in the gastrointestinal tract [248]. 

Synthesis 

The main synthesis pathway of 2-AG is largely dependent upon PLCβ and DAG lipase 

(DAGL; Figure 1.8) [316]. First, a 2-arachidonoyl-phosphadidylinositol (PtdIn) 

phospholipid is hydrolysed to an arachidonic-containing DAG by PLCβ [317]. Second, 

DAG is hydrolysed to form 2-AG and other MAGs by DAGL [318]. The type of MAG 

produced depends on the type of PtdIn hydrolysed, with the most abundant type being a 

1-steroyl-2-arachidonoyl-PtdIn [306]. This type is what eventually forms 2-AG over 

other MAGs.  

A second pathway for the synthesis of 2-AG involves PLA. First PLA hydrolyses a PtdIn 

to a lyso-PtdIn. Second, a lyso-specific-PtdIn PLC hydrolyses lyso-PtdIn to form 2-AG 

[306].  

Degradation 

The main pathway for the degradation of 2-AG is catalysed by MAG lipase (MAGL; 

Figure 1.8). MAGL is membrane bound and hydrolyses 2-AG to form arachidonic acid 

and glycerol [319]. However, a small portion of 2-AG degradation can also be catalysed 

by FAAH [320]. Further, like AEA, 2-AG can also be degraded by oxygenation via 

lipoxygenases and cyclooxygenase-2 [313, 314], but also like AEA, their significance in 

2-AG degradation is not clear. 
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Figure 1.9: Synthesis and degradation of endocannabinoids. 

(A) Phosphatidylethanolamine (PtdEt) phospholipid receives a donor acyl group from 

Ptd-Choline (PtdCh) catalysed by N-acyltransferase (NAT) or phospolipse A-

acytransferase (PLA-AT) to produce N-acyl-phosphatidylethanolamie (NAPE). NAPE-

hydrolysing phoshplipase D (NAPE-PLD) then hydrolyses NAPE to N-

acylethanolamines (NAEs) such as anandamide (AEA).  (B) AEA is transported across 

cell membranes via fatty acid binding protein (FABP). (C) AEA is hydrolysed to 

arachidonic acid and ethanolamine by membrane bound fatty acid hydrolase 1 (FAAH-
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1). (D) Phosphatidyl inositols (PtdIn) are hydrolysed by phospholipase C β (PLCβ) to 

produce diacylglycerols which are then hydrolysed to monoacylglycerols (MAGs) such 

as 2-arachidonoylglycerol (2-AG) by DAG-lipase (DAGL). (E) 2-AG is hydrolysed by 

membrane bound MAG-lipase (MAGL) to produce arachidonic acid and glycerol. 

 

1.4.2.3| Endocannabinoid Transport 

Currently there is controversy surrounding the transport of endocannabinoids across 

membranes and the presence of an endocannabinoid membrane transporter.  

There is evidence to suggest that AEA can diffuse through membranes, a process 

dependent upon cholesterol [321]. NAEs, such as AEA can form complexes with 

cholesterols to cross membranes without the aid of transport proteins, however, this 

process is generally slow [322].  

In contrast, there is also evidence to suggest the presence of an endocannabinoid 

transporter. In basophilic leukaemia cells, application of 100nM AEA results in a 

considerably fast accumulation of AEA metabolites intracellularly [323]. This fast 

accumulation suggests not only a fast metabolism of AEA, but also the presence of an 

endocannabinoid membrane transporter. Current ideas for an AEA membrane transporter 

include fatty acid binding proteins (FABPs). FABP-5 has been shown to increase AEA 

transport across membranes, an effect that is lost following FABP-5 knockout [324, 325]. 

This suggests that FABP-5 may be involved in AEA transport, however, other 

transporters cannot be ruled out. 

In regards to 2-AG transport across cell membranes, little information is available. It is 

known that 2-AG can cross cell membranes and accumulate in cells in a time dependent 
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manner [326, 327], however, it not known if this occurs via diffusion or via transport 

proteins.  

1.4.3| Endocannabinoids and Food Intake 

Whilst there is some evidence to suggest that 2-AG can play a role in food intake, the 

remainder of this thesis will focus on AEA and the CB1 receptor as their role is well 

established and most relevant.  

Central Effects 

Early studies identified the role of centrally located CB1 receptors in appetite. Centrally 

administered low doses of Δ9-THC or AEA increased food consumption in both fed and 

fasted rodents [328-330]. Specifically, they decreased meal initiation time and increased 

meal number and size [331]. Further, AEA and Δ9-THC also promoted the consumption 

of sweet tasting foods suggesting a role in reward pathways [332]. CB1 receptor 

antagonists [329], but not CB2 receptor antagonists [333], attenuated these effects on food 

intake. 

The central effects of AEA and the CB1 receptor on food intake are largely mediated by 

the hypothalamic and mesolimbic systems. Administration of AEA into either of these 

areas stimulates food intake in rodents [334-336]. In the hypothalamus the CB1 receptor 

co-localises with corticotrophin releasing hormone (CRH), MC4R, and the orexin-1 

receptor [337]. In the PVN, stimulation of the CB1 receptor decreases the anorexigenic 

CRH signalling with antagonism causing the inverse [337, 338]. In the LHA, stimulation 

of the CB1 receptor inhibits the anorexigenic effects of MC4R [339], and in the ventral 

hypothalamic area it enhances the activity of orexin-1 receptor [340]. These effects may 

be responsible for the stimulatory effect of AEA on food intake. Further, in the 
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mesolimbic system AEA and the CB1 receptor increase the release of dopamine in the 

nucleus acumbens subsequently increasing food seeking behaviour [40, 341].  

In the hypothalamus and mesolimbic systems levels of AEA are known to change 

according to food intake status. During fasting AEA levels increase and then fall sharply 

following food consumption, supporting the notion that AEA is involved in food intake 

initiation [335]. Further, hypothalamic AEA levels are increased by ghrelin but reduced 

by leptin [342]. Ghrelin’s effect on AEA levels are partially mediated via the CB1 

receptor, whilst leptins effects are mediated by inducing the expression and activity of 

FAAH [343, 344]. 

Peripheral Effects 

Low doses of peripheral AEA can induce food intake [328], an effect dependent on CB1 

receptors expressed in vagal afferent neurons [345]. Further, AEA and the CB1 receptor 

also interact with gastrointestinal hormones and peptides including ghrelin [346] and 

CCK [347]. Gastric X/A-like cells exhibit increased immunoreactivity for ghrelin 

following administration of AEA [348], and gastric ghrelin secretion is reduced by 

antagonism of the CB1 receptor [249]. Lastly, agonism of the CB1 receptor attenuates 

whilst antagonism increases the satiety effects of CCK [349].  

Aside from their role in food intake, AEA and the CB1 receptor also regulate 

gastrointestinal functions such as motility, gastric emptying, and gastric acid and 

hormone secretion. AEA and the CB1 receptor slow intestinal peristalsis [350] and delay 

gastric emptying [351]. Further, activation of the CB1 receptor inhibits gastric acid 

secretion [352] and increases gastric ghrelin secretion.  
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It has been demonstrated that the effects AEA on gastrointestinal motility may be TRPV1 

dependent [353, 354]. TRPV1 and its interactions with the endocannabinoid system will 

be discussed in the following sections. 

 

1.5| Growth Hormone Secretagogue Receptor 

Functions 

There are two isoforms of GHSR, GHSR1a and GHSR1b, with the former being the 

receptor for acyl-ghrelin [355] and therefore the focus of this section. GHSR1a has been 

implicated in the release of hormones such as growth hormone, cortisol, and prolactin, 

and in the regulation of bodily processes such as energy balance, gastrointestinal motility, 

and cell proliferation [356]. In energy balance, GHSR1a has been associated with 

increasing food intake and adiposity [357]. In gastrointestinal motility GHSR1a 

activation has been associated with increased gastric emptying and gastrointestinal transit 

[358]. Lastly, activation of GHSR1a has also been associated with increased cell 

proliferation [359].  

The expression of GHSR1a can be regulated by a variety of factors including hormones. 

In the pituitary GHSR1a expression is upregulated by β-estradiol and triidothryronine 

[360]. Conversely, in the pituitary and hypothalamus, ghrelin and growth hormone [361] 

reduce GHSR1a levels suggesting a negative feedback loop.  

Structure 

GHSR1a is a GPCR consisting of 366 amino acids with an N-terminal, a transmembrane 

domain, and a C-terminal. The N-terminal is extracellular and forms a hairpin-like 

structure. The transmembrane domain consists of seven hydrophobic α-helices linked by 
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three intra- and three extracellular loops [362]. Overall, the transmembrane domain forms 

a calyx structure with domains two, six, and seven being the sites for ghrelin binding 

[363]. Lastly, the C-terminal is intracellular and is involved in the binding of G-proteins 

(predominantly Gαi/o and Gαq) and β-arrestins [364]. 

Signalling 

GHSRa has a high level of constitutive activity, and is predominantly coupled to Gαq 

proteins to elicit a rise in Ca2+ signalling.  However, similar to the CB1 receptor, GHSR 

also couples to Gαs and Gαi/o proteins. 

There is evidence to suggest that GHSR1a can signal via Gαs proteins since antagonism 

of cAMP or PKA in the ARC [365] and aortic smooth muscle [366] prevents a ghrelin 

mediated rise in Ca2+ signalling. At the same time there is conflicting evidence suggesting 

that GHSR1a stimulation by ghrelin alone has no effects on intracellular cAMP levels, 

but does in the presence of another GPCR, growth hormone releasing hormone (GHRH) 

[367]. Although this study doesn’t specify the tissue type used, it is plausible that 

heterodimerising with other GPCRs such as GHRH may influence G-protein preference.  

In the hippocampus [368] and pancreatic β-cells [369] GHSR1a predominantly couples 

to Gαi/o proteins to reduce PKA activity. Given this, it is likely that preference of G-

protein coupling by GHSR1a is tissue specific, however, as mentioned previously, it 

cannot be ruled out that interaction with other GPCRs may also affect G-protein 

preference.  
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Desensitisation 

Desensitisation of GCPRs is a common occurrence to prevent over stimulation and over 

signalling. Overall, this occurs via receptor/ligand de-coupling, and internalisation of the 

receptor.  

Previous studies indicate that desensitisation of GHSR1a occurs 20-25 minutes following 

repeated stimulation, where it is internalised and then transported back to the cell 

membrane [370]. This process of internalisation of recycling largely depends on 

phosphorylation of the C-terminal. In tissues where the basal activity of GHSR1a is low, 

the subsequent phosphorylation of the C-terminal and internalisation is also low, and is 

determined by recruitment of β-arrestins [371].  

Cell membrane composition also influences GHSR1a desensitisation. Cell membranes 

that contain high amounts of fatty acids such as oleic acid reduces internalisation of 

GHSR1a and increases its sensitivity to ghrelin [372]. This suggest that higher membrane 

levels of fatty acids may supress GHSR1a desensitisation.  

Interactions with G-Protein Coupled Receptors 

Like other GPCRs, GHSR1a is notorious for dimerising with other receptors. 

Homodimers of GHSR1a have been detected in both the cellular and endoplasmic 

reticulum membranes [373]. Conversely, heterodimers of GHSR1a and GHSR1b have 

been detected only in the endoplasmic reticulum [373] which may be a process to reduce 

the expression of GHSR1a at the cell surface.  

In the hypothalamus GHSR1a can heterodimerise with MC3R, interfering with each 

other’s signalling. For example, activation of GHSR1a in the heterodimer boosts MC3R 

signalling, whilst activation of MC3R in the heterodimer inhibits GHSR1a signalling 
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[374]. It is likely that this mutually opposing heterodimer contributes to the control of 

food intake at the hypothalamic level. 

Co-immunoprecipitation studies have indicated that that GHSR1a forms functional 

heterodimer with the dopamine 1 receptor (D1R) [375]. Stimulation of this heterodimer 

by ghrelin alone results in activation of a Gαq pathway, whilst stimulation by dopamine 

alone results in activation of a Gαs pathway. However, concurrent stimulation of the 

GHSR1a and D1R heterodimer causes a switch to the activation of Gαi/o pathway, 

reducing cAMP accumulation [375].   

There is also evidence that GHSR1a can interact with the D2R to regulate food intake 

[376]. In the lateral hypothalamus dopamine inhibits food intake via D2R. This anorexic 

effect is lost upon GHSR1a knockout or antagonism, suggesting either an indirect 

functional interaction or dimerisation [376].  

Lastly there is also speculation that GHSR1a dimerises with the CB1 receptor. In 

hypothalamus, deletion of the CB1 receptor attenuates the effects of ghrelin and vice 

versa [377, 378]. This suggests a possible dimerisation between GHSR1a and CB1, 

however, can also indicate a functional dependency mediated via secondary messenger 

pathways.  

  

1.6| Transient receptor potential channels 

TRP channels are a superfamily of approximately 30 structurally similar osmo- and 

mechanosensitive [379] ion channels. They were first discovered from an 

electroretinogram of a Drosophila fly that exhibited a short increase in retinal potential 

[380], thus the name ‘transient receptor potential’ [381]. They are involved in a wide 
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array of functions. For example TRP ankyrin 1 is involved in pain and inflammation 

[382], and TRPV1 is involved in pain, temperature [383], and more recently discovered, 

appetite control.  

1.6.1| Transient receptor potential vanilloid 1  

Expression 

TRPV1 is a non-selective cation channel located in plasma membranes and is highly 

permeable to calcium ions. In the CNS, TRPV1 is expressed in the hypothalamus, limbic 

system, brain stem, and mid brain [384]. Peripherally it is expressed in various systems 

including the PNS (vagal and spinal sensory nerves [385, 386]), gastrointestinal system 

[387], and adipose tissue. TRPV1 expression can be influenced by development and 

pathologies such as inflammation. For example, in cardiomyocytes of neonatal rats 

TRPV1 is highly expressed whereas in cardiomyocytes of adult rats TRPV1 is 

undetectable [388]. Further, inflammation of the gastrointestinal tract increases TRPV1 

expression on sensory fibres [389, 390], which may contribute to gastric oesophageal 

reflux disease [391].  

TRPV1 exists in three known variants, TRPV1, TRPV1 ‘5 [392], or TRPV1 1b [393]. 

These variants are a results of alternate splicing during mRNA processing. TRPV1 is the 

most common variant, and TRPV1 ‘5 and 1b are expressed in rodents only. However, 

TRPV1 5’ and 1b are insensitive to capsaicin and protons, but highly sensitive to heat 

[393]. Further, TRPV1 5’ is expressed on sensory neurons, however, at a negligible level 

[394]. 
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Structure 

Structurally, TRPV1 is mainly present in homomers of four subunits, however, can also 

be present in heteromers. Each TRPV1 subunit consists of an N-terminal, a 

transmembrane domain, and a C-terminal (Figure 1.9) [395, 396]. The N-terminal 

contains six α- helices formed by ankyrin subunits and connected by finger loops [396]. 

Protein kinases are capable of phosphorylating several sites on the N-terminal with an 

S116 site being one of functional significance [397]. A linker and pre-helical section 

connects the N-terminal to the transmembrane region, and also acts as a connecter for 

adjacent TRPV1 subunits [395-398]. 

The transmembrane domain of a TRPV1 subunit is comprised of 6 helical segments (S1-

S6). The voltage sensing domain is formed by S1-S4, and the pore-forming domain is 

formed by S5-S6 [396]. These two sections are connected by a linking segment which 

contributes to the opening and activation of TRPV1. Further, the transmembrane domain 

also has binding sites for ligands.  For example, vanilloids (e.g. capsaicin) bind to S3 and 

S4, and protons (H+) bind to S5 and the linker segment [395].  

The C-terminal of TRPV1 contains a TRP domain which forms a structural role by 

connecting with pre-S1 [396]. Further, the C-terminal also contains phosphorylation sites 

for protein kinase A and PKC, and binding sites for calmodulin and phosphatidylinositol-

4,5-bisphosphate (PIP2) [395, 396]. 
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Figure 1.10:  Structural components of a TRPV1 subunit [399]. 

A) N-terminal with 6 ankyrin subunits (A1-A6) and a linking region comprised of a Pre-

S1 helix and linker segment. B) Transmembrane domain comprised of 6 helical segments 

(S1-S6). C) C-terminal with a TRP domain and binding sites for protein kinases and 

calmodulin. 

 

Activation 

Activation of TRPV1 generally results in an influx of cations to affect cellular processes. 

In neural tissue this generally causes depolarisation. TRPV1 is activated by many 

exogenous stimuli including capsaicin the pungent compound of chillies [400], garlic 

derived allicin and diallyl sulphides [401, 402], peperine from black pepper [403], and 

toxins derived from spider and jellyfish venom [404, 405].  

TRPV1 is also intracellularly activated [406, 407] by many endogenous stimuli including 

NAEs [408], N-acyl-dopamines [409], and the inflammatory mediator leukotriene B4 
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[410]. Endogenous agonists such as these are collectively referred to as endovanilloids. 

Endovanilloids are generally present in sufficient concentrations to activate TRPV1 by 

direct binding. Further, they also have a short half-life to prevent TRPV1 desensitisation. 

This requires their synthesis and degradation to be in close proximity to TRPV1. 

However, endovanilloids can also be produced at a site distant to TRPV1 provided they 

have a way to be transported into the TRPV1 containing cell [411].  

Intracellular secondary messengers can also regulate TRPV1 activity. For example, PKC 

sensitises TRPV1 to stimuli through phosphorylation of S502 on the S2-S3 linker region 

and S800 on the C-terminal [412, 413], and PKA enhances or activates TRPV1 through 

the S116 and T730 phosphorylation sites on the N-terminal [406]. Further, PIP2 inhibits 

TRPV1 though binding to the K710 site on the TRP domain [414].  

Desensitisation 

Prolonged or repeated activation of TRPV1 can lead to its desensitisation, a process that 

is calcium dependent. TRPV1 activation leads to an influx of calcium and subsequently 

activates the intracellular calcium sensor calmodulin [415]. Calmodulin can compete with 

adenosine triphosphate at the ankyrin repeating domains on the N-terminal to desensitise 

TRPV1 to stimuli [416]. Further, calmodulin may also bind to the C-terminal to 

desensitise TRPV1. It is likely that TRPV1 desensitisation is largely mediated by the C-

terminal since its deletion completely attenuates capsaicin induced desensitisation [415, 

417].  

There is also evidence to implicate calcineurin and PLC in TRPV1 desensitisation. 

Inhibition of calcineurin prevents capsaicin induced TRPV1 desensitisation [418]. PLC 
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is calcium dependent and can hydrolyse PIP2 bound to TRPV1. Although a TRPV1 

antagonist, depletion of PIP2 prevents recovery from desensitisation [419].  

Desensitisation of TRPV1 is dependent on the agonist and agonist concentration. Low 

doses (100nM) of capsaicin only partially desensitise TRPV1 whereas high doses (1µM) 

completely and rapidly (~ 20 minutes) desensitise TRPV1 [420]. Conversely, AEA does 

not significantly desensitise TRPV1 and is therefore considered to have a low-efficacy 

for TRPV1 desensitisation [421]. Further, there is some evidence to suggest that 

internalisation and degradation of TRPV1 by lysosomes may contribute to 

desensitisation, however, current data is limited [420]. 

1.6.2| TRPV1 and Food Intake 

The effect of capsaicin on food intake are detailed in Table 1.2. Whilst conflicting, there 

is evidence to suggest that TRPV1 can regulate food intake and satiety signalling. In 

human studies, dietary supplementation of capsaicin, or the less spicy capsiate, can cause 

a short term decrease in food intake and increase or prolong satiety [422-426]. Further, 

consumption of capsaicin in conjunction with caffeine can potentiate these effects [427]. 

Conversely, in other human [423, 424] and animal studies [428-432], dietary 

supplementation of capsaicin had no effect on food intake or satiety.   

The disparity between these studies may be due to different doses and frequency of 

exposure to capsaicin. Low intake of capsaicin can reduce food intake compared to high 

doses. It is plausible that this may be due to TRPV1 desensitisation with low doses either 

having a low efficacy, or a quick rebound from desensitisation [420]. Further, in regular 

consumers of capsaicin [433], or in obesity [434], capsaicin appears to lose its effect on 

food intake and satiety.  
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There is evidence to suggest that ingestion of capsaicin can also alter nutrient preference, 

however, it is conflicting. Supplementation of capsaicin can increase the preference for 

carbohydrates and decrease the preference for fatty foods [423, 435, 436]. Conversely, 

other studies have demonstrated that capsaicin reduces carbohydrate preference [424, 

435] and increases salt preference [423, 437]. The mechanisms that influence these 

preferences are not known.  

1.6.3| TRPV1 and Appetite Hormones 

There is data to suggest that TRPV1 can interact with appetite regulating hormones such 

as leptin, GLP-1, and ghrelin; however the complete mechanisms are unknown.  

TRPV1 activation regulates the levels and appetite effects of leptin. The normal appetite 

suppressing effects of exogenous leptin are lost and plasma leptin levels are increased in 

TPRV1 null mice [438]. It is plausible that the latter is due to the ability of TRPV1 to 

attenuate the development of mature adipocytes and increase lypolytic activity [428, 439].  

TRPV1 activation enhances the post-prandial rise in plasma GLP-1, suggesting TRPV1 

may be involved in GLP-1 secretion [440]. The mechanisms for this are unclear, however, 

since the postprandial rise of GLP-1 is partly vagal nerve mediated [156], it is plausible 

that TRPV1 on vagal fibres may be involved. 

TRPV1 may also interact with and regulate ghrelin levels. Dietary supplementation of 

capsaicin reduces plasma ghrelin levels presumably via TRPV1 activation [440]. This 

may partially contribute to the ability of capsaicin to induce satiety. Further, in supraoptic 

magnocellular neurons, ghrelin interacts TRPV1 [441], however, here it is a potentiating 

effect and the exact mechanisms of interaction are unclear 
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Table 1.3: Human studies of capsaicin supplementation on food intake. 

Dosage 
Treatment 

Time 

Appetite 

Effects 

Nutrient 

Preference 
Hormones Reference 

Capsaicin 

(7.68mg/day) 
36 hours 

↓ Energy 

intake* 

↑ Satiety 

- - [422] 

Chilli 

(1.03g/meal) 
24 hours ↑ Satiety - - [426] 

Capsaicin 

(7.68mg/meal) 

 

24 hours 
No Effects - - [442] 

Chilli 

(1g/meal) 
1 meal 

↓ Energy 

intake 

↑ Satiety* 

- - [423] 

Chilli 

(0.3g/meal) 
5 meals No Effects - - [443] 

Chilli 

(1.03g/meal) 

 

1 meal 
- - 

↑ Plasma 

GLP-1 

↓Plasma 

Ghrelin* 

[440] 

Capsaicin + 

green tea 
3 weeks 

↓ Energy 

intake 

↑ Satiety 

- - [427] 

Chilli 3g + 

caffeine 

200mg 

 

24 hours 

↓Energy  

intake 
↓ Fat intake - [444] 

Chilli 

0.9g/meal 

 

2 days 

↓ Energy 

intake 

↑ Satiety 

- - [435] 

Chilli with 

meal 

 

1 meal 

↓ Energy 

intake* 
↓ Fat intake - [436] 

Capsaicin 

135mg/day 

 

3 months 
- - 

↓ Plasma 

Leptin 

(likely due 

to weight 

loss) 

[445] 

Chilli 6g in 

appetiser 

 

1 meal 

↓ Energy 

intake 

↓ Carbohydrate 

intake 
- [437] 

Chilli 

10g/meal 

 

1 meal 

↓ Energy 

intake* 

↓ Protein and 

fat intake 
- [437] 

* Indicates trend but not significant  



58 
 

1.7| TRPV1 and the Endocannabinoid System 

Extensive evidence suggests that the endocannabinoid system and TRPV1 share a 

functional interaction, which may be biphasic in nature (Figure 1.10).  

AEA is an endogenous ligand for TRPV1, acting intracellularly to activate or increase 

TRPV1 activity. Whilst AEA and capsaicin have a similar affinity for TRPV1, AEA is 

less potent and thus requires a generally high concentration (1-10µM) to elicit an 

excitatory response TRPV1 in some systems [408]. It is known that this can occur in vagal 

afferent neurons and independent of the CB1 receptor [446], however, there is evidence 

to suggest that activation of the CB1 receptor may also inhibit or potentiate TRPV1 via 

secondary messenger pathways [447].  

In dorsal root ganglia, there are reports to suggest that AEA and the CB1 receptor can 

reduce or inhibit TRPV1 activity (Figure 1.10). Activation of CB1 is known to inhibit the 

AC and cAMP pathway causing reduced activity of the cAMP dependent PKA. PKA can 

activate or sensitise TRPV1 to stimuli [406, 447] and, therefore, reducing its activity 

would reduce the activity of TRPV1. This is likely mediated by the Gαi/o protein. Further, 

the βγ subunit associated with Gαi/o proteins can inhibit calcium channels and activate 

inward rectifying potassium channels [272, 273], which may contribute to the ability of 

AEA and the CB1 receptor to reduce cell excitability.  

As previously mentioned, the CB1 receptor is capable of activating or inhibiting various 

secondary messenger pathways depending on the associated G-protein. Reports in dorsal 

root ganglia have demonstrated that the CB1 receptor can activate a PLC pathway to 

increase DAG production and subsequent PKC activation [447]. PKC sensitises TRPV1 

to stimuli and increases the chance of the TRPV1 channel opening in response to direct 
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AEA activation (Figure 1.10) [397, 412, 413]. Given that the CB1 receptor is able to 

activate PLC, it is likely that a Gαq protein is involved, however there is also evidence to 

suggest that the βγ subunit of a Gαi/o protein is also able to activate PLC [448, 449]. 

It is likely that the change in these signalling pathways used by AEA is concentration 

dependent. Low concentrations of AEA typically reduce TRPV1 activity [450] whereas 

high concentrations stimulate TRPV1 activity [412]. However, the CB1 receptor can 

interact with other signalling molecules and GPCRs which may influence pathway 

preference. For example, the CB1 receptor interacting protein 1a has been shown to 

attenuate Gαi/o mediated signalling [451, 452]. Further, the CB1 receptor is known to 

heterodimerise with the dopamine 2 receptor, causing a switch in G-protein preference 

from Gαi/o to Gαs [276, 453]. There is also speculation of a direct interaction with GHSR, 

however there is no current evidence to substantiate this [454]. Therefore, interactions 

with other signalling molecules and GPCRs to influence signalling pathways cannot be 

ruled out. 
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Figure 1.11: Interactions between endocannabinoids and TRPV1.  

(1) The endocannabinoid anandamide can intracellularly activate transient receptor 

potential vanilloid 1 (TRPV1) channel to increase cell excitability. (2) Anandamide can 

also bind the cannabinoid 1 (CB1) receptor to activate a phospholipase C-protein kinase 

C pathway to subsequently sensitise TRPV1 and increase cell excitability. (3) CB1 

activation by anandamide can also inhibit the adenylate cyclase-protein kinase A pathway 

to reduce TRPV1 activity and subsequent cell excitability. (4) Given the ability of CB1 

to interact with many other receptors and proteins, another possible inhibitory pathway 

cannot be ruled out.  
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1.8| Aims 

Tightly controlling food intake is necessary to maintain a healthy metabolic state. This is 

partly mediated by gastrointestinal hormones postprandially inducing satiety via vagal 

afferent signalling. In certain pathological conditions such as obesity, the secretion and 

signalling of gastrointestinal hormones via the vagus nerve are altered which may 

contribute to hyperphagia. Therefore it is important to investigate these changes in order 

to develop preventative measures or treatments to reduce the prevalence of obesity. 

The mechanosensitivity of tension sensitive GVAs to stretch is dampened in diet-induced 

obesity. Whilst the cause for this is not currently known, it is plausible that the ion channel 

TRPV1 may be involved. TRPV1 gene deletions reduce the mechanosensitivity of tension 

sensitive GVAs. This effect is not exacerbated further in diet-induced obese mice with a 

TRPV1 knockout. This suggests that decreased TRPV1 channel activity may contribute 

to the dampened GVA responses to stretch. 

In other systems TRPV1 interacts with a multitude of appetite regulating hormones 

including the ghrelin and endocannabinoid systems. It is plausible that these interactions 

may exist in GVAs to regulate satiety signalling. Therefore, the studies in this thesis aim 

to determine the following in mice: 

1. The presence and co-localisation of TRPV1, CB1, GHSR, and FAAH in GVA 

cell bodies.  

2. The role of methanandamide (mAEA; stable analogue of AEA) on the modulation 

of GVAs, and if this is mediated via TRPV1, CB1, and/or GHSR. 

3. Any changes in mAEA signalling between lean and diet-induced obese mice. 
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4. The effect of mAEA and ghrelin on the mRNA content of TRPV1, CB1, GHSR, 

and FAAH in cultured nodose ganglia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

1.9| Thesis Outline 

This thesis contains three studies divided into three chapters. Using an in vitro 

electrophysiology preparation, the first study (Chapter 3) confirmed that TRPV1 activity 

in tension sensitive gastric vagal afferents can be biphasically regulated by interactions 

with the ghrelin and endocannabinoid systems. Further, it also confirms the presence of 

TRPV1, CB1, and GHSR in individual tension sensitive gastric vagal afferent cell bodies, 

and demonstrates that they are co-expressed to a high degree.  

The second study (Chapter 4) further confirmed that the ghrelin and endocannabinoid 

systems can biphasically regulate TRPV1 activity in tension sensitive gastric vagal 

afferents. This study also demonstrated that in diet-induced obesity, the biphasic 

regulation of TRPV1 in tension sensitive gastric vagal afferents is replaced with a single 

inhibitory effect. Further, this study demonstrated that the co-expression of TRPV1, CB1, 

and GHSR is increased in individual cell bodies of tension sensitive gastric vagal afferents 

from diet-induced obese mice. 

The final study (Chapter 5) used a cell culture method to demonstrate that ghrelin and the 

endocannabinoid AEA are capable of regulating the mRNA expression of TRPV1, CB1, 

GHSR, and FAAH. Further, this study also demonstrated that this regulation is altered in 

diet-induced obesity. 
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Chapter 2 : Materials and Methods 
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2.1| Animal Studies 

All studies were approved by the animal ethics committee of the South Australian Health 

and Medical Research Institute and carried out in accordance to the Australian code for 

the care and use of animals for scientific purposes 8th Edition.  

All animals used in this study were C57BL/6 male mice housed in a 12hr/12hr light/dark 

cycle at constant temperature (22ºC) with ad libitum access to a standard laboratory diet 

(SLD; 13kJ/g; 18% energy from fat, 24% energy from protein, 58% energy from 

carbohydrates; 2018SX, Specialty Feeds, Australia) and water, unless otherwise 

specified.  

2.1.1| High Fat Diet Induced Obesity Studies 

Eight week old male mice were housed in littermates of 3 to 4 with ad libitum access to 

either a SLD or a high fat diet (HFD; 21.79kJ/g; 60% energy from fat, 20% energy from 

protein, 20% energy from carbohydrates; adapted from Research Diets Inc. (D12492)) 

for 12 weeks. The mice were weighed weekly. 

2.2| Retrograde Tracing Studies 

A retrograde tracing procedure was performed as follows to target tension sensitive GVA 

cell bodies in nodose ganglia. Mice were fasted for two hours before being anaesthetised 

via inhalation of 3% isoflurane in 1-1.5% oxygen. A midline abdominal laparotomy was 

performed and the stomach was exteriorised using a sterile swab soaked in saline. Using 

a 30-gauge Hamilton syringe (Hamilton, USA), multiple equally spaced injections (10 x 

1µL) of Alexa Fluor® 555 conjugate of cholera toxin β-subunit (C22841; Life 

Technologies, Australia) were administered under the serosal layer of the gastric wall. 

This was performed on the ventral and dorsal sides of the stomach ensuring maximum 

exposure to the tracer. The injections sites were then dried and the laparotomy was closed 
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via suture and staples (AutoClip® System; 12020-09; Fine Science Tools, USA), and 

sterilised with 70% ethanol. Mice were given a subcutaneous injection of antibiotics 

(baytril; 10mg/50µL and analgesia (buprenorphine; 0.1mg/kg) immediately following 

surgery. 8 hours post-surgery mice were given another subcutaneous injection of 

buprenorphine to aid in recovery. Cages were kept on a warming pad to also aid in 

recovery.  

The tracer travelled from the stomach to the nodose ganglia cell bodies over the following 

two days [455].  Then the mice were humanely killed via CO2 inhalation (fill rate of 30%; 

QuietekTM CO2 induction system, Next Advance, USA) and decapitated. The nodose 

ganglia were bilaterally removed and processed for single cell RT-PCR or 

immunohistochemistry. An example of retrogradely traced nodose ganglia cells are 

illustrated in Figure 2.1. 
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Figure 2.1: Retrogradely traced tension sensitive gastric vagal afferent cell bodies 

in mouse nodose ganglia. 

Example of retrogradely traced tension sensitive gastric vagal afferent cell bodies in 

nodose ganglia. Scale bar represents 20µm. 

 

2.3| Nodose Ganglia Single Cell RT-PCR  

2.3.1| Cell Culture 

Immediately following bilateral dissection, the retrogradely traced and normal non-traced 

nodose ganglia were placed in ice-cold F12 solution (11765-054; ThermoFisher, 

Australia). The F12 solution was then removed leaving the nodose ganglia undisturbed. 

Nodose ganglia were then incubated at 37ºC for 30 minutes in a 3mL solution of 

collagenase and dispase (4mg/mL) in Hank’s Balanced Salt Solution (HBSS; 14170-112; 
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ThermoFisher), followed by incubation at 37ºC for 10 minutes in a 3mL solution of 

collagenase (4mg/mL) in HBSS. Nodose ganglia were gently agitated every 5 minutes 

during both incubation periods to aid in digestion of the extracellular matrix.  

Most of the solution was removed leaving approximately 150µL containing the nodose 

ganglia clumped together, which were then mechanically sheared into single cells using 

decreasing sizes of fire polished glass pipettes. This was performed carefully to prevent 

air bubbles and until the solution was cloudy. The cells were then washed in ice cold 

HBSS and pelleted. This was performed twice before being resuspended and diluted to 

approximately 1 cell/µL in HBSS.  

1µL of the cell suspension was pipetted onto a thin piece of 4mm by 8mm glass and 

examined under an epifluorescence microscope (BX-51, Olympus, Australia) equipped 

with filters for Alexa Fluor® 568. Where a single fluoresced cell was identified, the slide 

was then re-examined under bright field (BX-51, Olympus) to ensure no non-fluoresced 

cells were present. To lyse the cell the glass piece was immediately placed into a 50µL 

capacity RNA safe tube containing a 10µL solution of 9µL of Single Cell Lysis and 1µL 

of DNase-1 provided in a Single Cell-CT™ Kit (4458237; Life Technologies) and 

incubated at room temperature for 5 minutes. A stop solution (1µL; Life Technologies) 

was then added and incubated for 2 minutes to stop the lysis reaction. Samples were then 

stored at -20ºC until required.  

2.3.2| Single Cell RT-PCR 

Stored lysed single cell samples were thawed to room temperature. Reverse transcription, 

pre-amplification, and RT-PCR were performed using a Single Cell-CT™ Kit following 

manufacturer’s instructions. However, in the RT-PCR step, samples were diluted 1:10 
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instead of 1:20. The RT-PCR step was performed in a 7500 Fast Real-time PCR system 

(ThermoFisher) with the following steps: 50ºC for 2 minutes, 95ºC for 10 minutes, 40 

cycles of 95ºC for 5 seconds and 60ºC for 1 minute. 

Pre-designed Taqman gene expression assays (Life Technologies) were used to determine 

the mRNA expression and co-expression of CB1 (mm01212171_s1), TRPV1 

(mm01246300_m1), GHSR (mm00616415_m1), and FAAH (mm00515684_m1) in 

untraced and retrogradely traced tension GVA neurons of both SLD- and HFD-mice. 

Beta-2-microglobulin (B2M) and beta-actin (ActB) were used as housekeeping genes. 

They were chosen based on stability across diets (stability value of B2M and ActB = 

0.102) using NormFinder software (Department of Molecular Medicine (MOMA), 

Aarhus University Hospital, Denmark). An overview of all housekeeping genes tested in 

nodose ganglia can be observed in Table 2.1. Nuclease free water (Ambion; 

ThermoFisher) was substituted for amplified RNA as a control. RNA levels were 

calculated relative to the housekeeping genes using the 2ΔCT method [456]. 

 

Table 2.1: Details of housekeeping genes tested in single nodose neurons 

Gene Stability Value Catalogue # 

Class 3 β-Tubulin (Tubb-3) 0.306 mm00727586_m1 

β-actin (ActB) 0.068 mm00437762_m1 

β-2-microglobulin (B2M) 0.091 mm00437762_m1 

Hypoxanthine-phosphoribosyltransferase 

(HPRT) 

0.523 mm03024075_m1 

Peptidylprolyl Isomerase A (PPIA) 0.208 mm00620857_s1 
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2.4| Immunohistochemistry 

2.4.1| Fixation 

Following bilateral dissection retrogradely traced nodose ganglia were fixed in 4% 

paraformaldehyde solution. Samples were incubated for 4 hours at room temperature with 

gentle agitation. The nodose ganglia were then removed from the paraformaldehyde 

solution and placed in a 30% sucrose solution in 1x phosphate buffered saline (PBS; 

70012-032; Life Technologies). Samples were incubated for 18 hours at 4ºC. The nodose 

ganglia were then removed from the sucrose solution and frozen in optimal cutting 

temperature (OCT) mounting medium (IA018; ProSciTech, Australia), followed by 

cryosectioning at 10µM thickness. Slides were coated with gelatin (1005612; Marienfeld, 

Germany) to promote adhesion and avoid tissue loss during immunostaining. Consecutive 

sections were placed on different slides for single and dual labelling. Slides were stored 

at -20ºC for a maximum of 5 days before immunofluorescent staining. 

2.4.2| Immunofluorescent Staining 

Immunoreactivity for CB1, TRPV1, and GHSR was determined using the following 

primary antibodies: rabbit polyclonal antibody to CB1 (20754; Santa-Cruz, USA; 1:200 

dilution), goat polyclonal antibody to TRPV1 (GT15129; Neuromics, USA; 1:400 

dilution), and rabbit polyclonal antibody to GHSR (10359; Santa-Cruz; 1:200 dilution). 

The primary antibodies have been validated previously using knockout mice [358, 457, 

458]. 

Visualisation of the primary antibodies was determined using the following secondary 

antibodies (Sigma): CB1, Alexa Fluor® 488 (A21206) or 350 (A10039) donkey anti-

rabbit secondary antibody, TPRV1, Alexa Fluor® 350 donkey anti-goat secondary 
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antibody (A21081), GHSR, Alexa Fluor® 488 donkey anti-rabbit secondary antibody. 

All antibodies were diluted to 1:200 in PBS-Triton X100 (PBS-TX; X100-500mL; 

Sigma). CB1 and TRPV1 were dual labelled, and GHSR was singled labelled on 

consecutive sections as CB1 and GHSR shared a common host antibody.  

Slides were air dried for 40 minutes at room temperature. The sections were then washed 

3 times for 5 minutes with PBS-triton X100 allowing the penetration of antibodies. The 

sections were then blocked with 10% donkey sera in PBS-TX for 40 minutes at room 

temperature. The primary antibody (diluted in PBS-TX) for either CB1 or GHSR (200µL) 

was then added to the sections and incubated for 20 hours at room temperature. To prevent 

evaporation of the primary antibody the slide box was covered in a water soaked pad. 

After 20 hours the sections were rinsed 3 times for 5 minutes with PBS-TX to remove 

any unbound primary antibodies. The secondary antibody for either CB1 or GHSR 

(200µL) was then added and incubated at room temperature for 1 hour. The sections were 

then rinsed 3 times for 5 minutes with PBS-TX to remove unbound secondary antibody. 

For single labelling the ProLong antifade (P36934; ThermoFisher) was added to the 

sections and a coverslip applied. For dual labelling the primary antibody for TRPV1 was 

added to the sections and the same immunostaining procedure was performed. 

2.4.3| Visualisation 

The sections were imaged using an epifluorescence microscope (BX-51, Olympus) 

equipped with filters for Alex Fluor® 350 (blue), 488 (green), and 568 (red). Images were 

captured using cellSens dimension software (Olympus) and overlayed using Image J 

software (University of Wisconsin, USA). Images of sections were analysed for the 

immunoreactivity of CB1, TRPV1, and GHSR in traced and un-traced cells. 
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Immunolabelled cells were counted manually on 15 sections per mouse from both the left 

and right nodose ganglia. The average of the 15 sections was used for analysis.  

 

Figure 2.2: Immunolabelling of TRPV1, CB1, and GHSR in nodose ganglia cell 

bodies.  

Ai Aii

Bi Bii

Ci Cii
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Immunolabelling of TRPV1 (Ai), CB1 (Bi), and GHSR (Ci) in nodose ganglia cell 

bodies. Negative controls of TRPV1 (Aii), CB1 (Bii), and GHSR (Cii) without the 

primary antibody. Scale bars represent 20µm. 

 

2.5| Single Fibre Recording of Gastric Vagal Afferents 

2.5.1| in Vitro gastric vagal afferent preparation 

Mice were humanely killed via 5% isofluorane, exsanguinated via the abdominal aorta 

using a 23g needle, and decapitated. All mice were culled between 0700hr and 0730hr to 

minimise the influence of circadian variation.  

A midline laparotomy was performed to expose the thoracic and abdominal cavities. The 

stomach, oesophagus, vagal nerves, heart, and lungs were dissected out together and 

pinned in a modified Krebs solution consisting of (in mM/L): 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, 0.001 

nifedipine and bubble with 95% O2 – 5% CO2. Nifedipine (N7634-10g; Sigma, Australia) 

was used to prevent smooth muscle contraction and does not affect the 

mechanosensitivity of vagal afferents [459]. During dissection the Krebs solution was 

kept at 4ºC to prevent tissue degradation and metabolic breakdown.  

After removal of excess tissue and isolation of the vagal nerves, the oesophagus and 

stomach were cut open longitudinally and along the greater curvature of the stomach 

respectively, and pinned mucosal side up in an organ bath containing a continuous flow 

of warmed (34ºC) Krebs solution (Figure 2.3). To fit in the organ bath without un-

necessary distortion of tissue only the ventral half of the stomach was used. The vagal 

nerves were threaded through a removable divider onto a glass plate in a liquid paraffin 
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filled chamber. The vagal nerves were then desheathed to expose the nerve trunk and split 

into smaller bundles (10-15) using fine forceps. Each individual bundle was placed one 

by one onto a platinum recording electrode for recording. A reference electrode rested on 

the glass plate in close proximity. 

 

Figure 2.3: In vitro  gastric vagal afferent preparation [215]. 

An organ bath containing a continuous flow of Krebs solution over the pinned out 

oesophagus and ventral stomach. The vagal nerves are placed on a glass platform in a 

liquid paraffin chamber, which was separated from the organ bath by a divider with a 

small hole. Small bundles of the vagal nerve were placed individually onto a platinum 

recording electrode. Mucosal stroking was performed with calibrated von Frey hairs 

(10mg-1000mg). Circular tension was performed by underpinning a hook adjacent to the 

Paraffin chamber

Carbogenated

Krebs’

Superfusion

Nifedipine (1µM)

13ml min-1, 34 C

Krebs chamber

Brush

Effluent Amplification 

and processing

von Frey hair

(10-1000mg)

Cantilever system & “claw” (0.5-5g)

1g
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receptive field and attaching it to a cantilever. Weights are applied to the cantilever (1g, 

3g, and 5g). 

 

 

2.5.2| Characterisation of Gastric Vagal Afferent Properties 

As previously reported [460], two types of mechanosensitive gastric vagal afferents were 

located, mucosal receptors and tension receptors. Mucosal sensitive receptors responded 

to mucosal stroking but not circular tension, and tension sensitive receptors responded to 

both mucosal stroking circular tension.  

Receptive fields on the stomach were first determined broadly by the light stroking of the 

mucosal surface with a brush and then specifically using a calibrated  1000mg von Frey 

hair. The response of the GVAs receptive field to mechanosensation was then determined 

according to its subtype as outlined below.   

The sensitivity of mucosal GVAs were determined using calibrated von Frey hairs. 

Initially the response was determined by the light stroking of a von Frey hair across the 

receptive field at a rate of 5mm/s. This was repeated 10 times with 1 second intervals 

between each stroke, and the middle 8 strokes were used for analysis. This was performed 

using von Frey hairs of increasing intensities (10mg, 50mg, 200mg, and 1000mg).  

The sensitivity of tension GVAs to stretch was determined using a fine string attached to 

a claw that was underpinned adjacent to the receptive field using a hook. The other end 

of the string was attached to a cantilever system where various weights (1, 3, and 5g) 

were applied. Each weight was applied for 1 minute with a 1 minute rest period before 

the next weight was added. They were added with increasing weights. The response was 
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determined using the mean impulses per second over the 1 minute period. Only the 

response to 3g was used before and after superfusion with drugs. This was due to the fact 

that 3g provided a midpoint response to tension and thus provided opportunity for drugs 

to excite or inhibit mechanosensitivity. In contrast, 1g tension did not always elicit a 

response and 5g often elicited a maximum response therefore preventing inhibitory or 

excitatory effects respectively. 

2.5.3| Effect of methanandamide on mechanosensitivity of gastric vagal afferents 

Following the establishment of baseline mechanosensitivity of either mucosal or tension 

sensitive GVAs, 0.1nM of methanandamide (mAEA; a stable analogue of AEA; M186, 

Sigma) was added to the Krebs super infusion and was allowed to equilibrate for 20 

minutes to allow penetration of the gastric layers. After 20 minutes the 

mechanosensitivity of the GVA was then re-determined. This was repeated for increasing 

concentrations of mAEA (0.3nM, 1nM, 3nM, 10nM, 30nM 100nM, and 300nM). 

Experiments were split into low mAEA (0.1, 0.3, 1, and 3nM) and high mAEA (10, 30, 

100, 300 nM) concentrations on a single GVA unit. To ensure time had no effect on the 

mechanosensitivity of GVAs, control experiments were performed to measure GVA 

response to mucosal stroking or circular tension every 20 minutes over 2 hours in the 

absence of any drugs. Time had no significant effects on the mechanosensitivity of GVAs 

(Figure 2.4).  
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Figure 2.4: Mechanosensitivity of tension and mucosal gastric vagal afferents over 

time. 

The response of tension (A) and mucosal (B) sensitive gastric vagal afferents before (•) 

and after 20 (■), 40 (▲), 60 (▼), 80 (○), 100 (□), 120 (△) minutes (N=5). There was no 

significant effect of time on the mechanosensitivity of tension or mucosal receptors. 

 

2.5.4| Secondary messenger pathways used by anandamide 

In a separate set of experiments, to study the secondary messenger pathways used by AEA 

to modulate GVA mechanosensitivity, antagonists of CB1 (rimonabant hydrochloride 

300nM), TRPV1 (AMG9810), GHSR (YIL-781), Gαi/o (NF023 300nM), Gαq (YM-

254980 100nM), PKA (PKA inhibitor fragment (6-22) amide (PKA-IFA) 5nM, and PKC 

(bisindolylmaleimide II (BIS-II) 10nM) were used. The details of the antagonists are 

illustrated in table 2.2 and the effects of the antagonists alone on tension GVA 

mechanosensitivity is illustrated in figure 2.5.  
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Firstly the effects of mAEA (1, 10, and 100nM) on GVA mechanosensitivity were 

determined, followed by a 20 minute washout period. Then the antagonist alone was 

added for 20 minutes and GVA mechanosensitivity was re-determined. Then the 

antagonist was combined with 1nM of mAEA and GVA mechanosensitivity was re-

determined. This was repeated with increasing concentrations of mAEA (10, and 100nM) 

followed by a final washout. 

2.5.5| Drugs 

Stock solutions mAEA, rimonabant (1mM), AMG9810 (300µM) and BIS-II (100µM) 

were made using absolute ethanol. Control experiments were preformed to measure the 

effect of ethanol on the mechanosensitivity tension sensitive GVAs. No significant effects 

were found at the concentrations measured (Figure 2.6). Stock solutions of NF023 

(1mM), Ym-254980 (1mM), and YIL-781 (1mM) were made using Krebs solution. All 

drugs were stored at -20ºC, and diluted to final concentrations in Krebs on the day of 

experiments. mAEA (M186), rimonabant hydrochloride (SML0800), AMG9810 

(A2731), BIS-II (B3056), and PKA-IFA (P6062) were obtained from Sigma Aldrich. 

NF023 (1240) was obtained from In Vitro Technologies and YM-254980 (AG-CN2-

0509-M001) was obtains from Sapphire Biosciences.  
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Table 2.2: Details of the antagonists used in electrophysiology studies 

Drug Target Concentration Ki/IC50 

Other 

interactions Reference 

Rimonabant CB1 300nM Ki 1.6nM  [450] 

AMG9810 TRPV1 30nM IC50 17nM  [461] 

Yil-781 GHSR 100nM Ki 17nM  [462] 

NF023 Gαi/o 300nM IC50 300nM P2X >50µM [463] 

YM-254890 Gαy 100nM Ki 100nM  [464] 

PKA-IFA PKA 5nM Ki 2.5nM  [465] 

BIS-II PKC 10nM IC50 10nM PKA>2µM [466] 
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Figure 2.5: Response of tension sensitive gastric vagal afferents to antagonists. 

The response of tension sensitive GVAs to stretch in the absence or presence of the CB1 

antagonist rimonabant hydrochloride (A), TRPV1 antagonist AMG9810 (B), GHSR 

antagonist YIL-781 (C), Gαi/o antagonist NF023 (D), Gαq antagonist YM-254890 (E), 

PKA antagonist (PKA-IFA) (F), or PKC antagonist BIS-II (G). No significant effects of 

any antagonist on the mechanosensitivity of tension GVAs was found. 

 

 

Figure 2.6: Response of tension sensitive gastric vagal afferents to ethanol.  

The response of sensitive gastric vagal afferents before (•) and after 0.01% (■), 0.03% 

(▲), 0.1% (▼), 0.3% (○), and 1% (□), ethanol (N=5). There was no significant effect of 

ethanol on the mechanosensitivity of tension receptors. 
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2.5.6| Gastric Vagal Afferent Recording 

Electrical nerve signals were amplified using a DAM50 biological amplifier (World 

Precision Instruments, USA) and a JRAK scaling amplifier (JRAK, Australia). Signals 

were then filtered with a band-pass filter-932 (CWE, USA) and recorded with a DL1200A 

oscilloscope (Yokogawa, Japan). Spike II software (Cambridge Electronic Design, UK) 

was used to determine single nerve units based on amplitude, duration and shape of the 

action potential. Electrophysiological data is presented as the mean ± the SEM with n 

being the number of animals with at least 2 GVAs of each subtype recorded per animal. 

2.6| Gastric Mucosal Analysis 

Gastric mucosal scrapings were obtained from the dorsal half of the stomach during the 

vagal afferent preparation using a fine scalpel blade, snap frozen in liquid nitrogen, and 

stored at -80ºC until required.  

2.6.1| Total RNA extraction 

Gastric mucosal scrapings were rapidly lysed and homogenised and RNA was extracted 

using a Purelink RNA minikit (Invitrogen, ThermoFisher Scientific) following the 

company’s instruction for 50mg of tissue. The level of RNA and quality was determined 

with a NanoDrop LITE spectrophotometer at 260nm/280nm absorbance (A260/280). An 

A260/280 of 1.9 to 2.1 were considered acceptable for PCR analysis.  

2.6.2| qRT-PCR 

qRT-PCR analysis on RNA from stomach scrapings of SLD- and HFD-mice was 

performed using an Express One-Step Superscript qRT-PCR Universal kit (ThemoFisher 

Scientific) and a 7500 Fast Real-time PCR system (ThermoFisher) with the following 



83 
 

steps: 50ºC for 15 minutes, 95ºC for 20 seconds, 40 cycles of 95ºC for 3 seconds, and 

60ºC for 30 seconds. 

Pre-designed Taqman gene expression assays obtained from Life Technologies 

(Australia) were chosen to measure mRNA expression of FAAH (mm00515684_m1), N-

acyl phosphatidylethanolamine-specific phospholipase D (NAPE-PLD; 

mm00724596_m1), CB1 (mm01212171_s1), and ghrelin O acyl transferase (GOAT; 

mm01200389_m1) in gastric cells. The average of peptidylprolyl Isomerase A (PPIA; 

mm00620857_s1), Hypoxanthine-phosphoribosyltransferase (HPRT; 

mm03024075_m1), and beta-actin (mm00437762_m1) were chosen as reference based 

on stability across all samples determined from NormFinder software (stability value = 

0.098) (MOMA). Details of all the housekeeping genes tested are illustrated in Table 2.3. 

RNA levels relative to the housekeeping genes were calculated using the 2ΔCT method 

[456]. 

 

Table 2.3: Details of housekeeping genes tested in gastric mucosa scrapings 

Gene Stability Value Catalogue # 

β-actin (ActB) 0.468 mm00437762_m1 

β-2-microglobulin (B2M) 0.110 mm00437762_m1 

Hypoxanthine-phosphoribosyltransferase 

(HPRT) 

0.180 mm03024075_m1 

Peptidylprolyl Isomerase A (PPIA) 0.052 mm00620857_s1 

Average of B2M, HPRT & PPIA* 0.098 - 

* This is the average from the raw data obtained during analysis 
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2.6.3| Enzyme Linked Immunosorbance Assays 

Anandamide and fatty acid amide hydrolase 

Gastric AEA and FAAH levels were determined using Enzyme-linked immunosorbent 

assay (ELISA) kits for AEA (Clone-Cloud) and FAAH (Abbexa) and quantified via 

calorimetry at 450nM using a VersaMax ELISA microplate reader (Molecular Devices). 

The AEA ELISA kit had a detection range from 0.8ng to 200ng of AEA. The FAAH had 

detection range of 0.7ng to 5ng of FAAH. The standard curves for each ELISA kit are 

illustrated in figure 2.7. 

Ghrelin 

Ghrelin was extracted by boiling gastric mucosal scrapings for 10 minutes followed by 

homogenisation in a 3:9 ratio of protease inhibitors (MP Biomedicals) and 6% acetic acid 

(Sigma). The samples were then centrifuged and the supernatant was collected and diluted 

(1 in 500). 

Active gastric ghrelin levels were determined using an ELISA kit for ghrelin (EMD 

Millipore) and quantified via calorimetry at 450nM and 590nM using a VersaMax ELISA 

microplate reader (Molecular Devices). The standard curve for the ghrelin ELISA kit is 

illustrated in figure 2.7. 
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Figure 2.7: Standard curve of ELISA kits. 

A. Standard curve obtained from AEA ELISA kit. B. Standard curve obtained from 

FAAH ELISA kit. C. Standard curve obtained from ghrelin ELISA kit. Whilst standard 

curves were performed in duplicates, some error bars are too small to be shown. 
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2.7| Nodose Ganglia Cell Culture Expression Analysis  

2.7.1| Plate Coating 

The day before experiments a Nunclon™ Delta Surface 48 well plate (150687; 

ThermoFisher) was coated with a poly-d-lysine (PDL; A3890401; ThermoFisher) and 

laminin (23017-015; ThermoFisher) solution (60uL per well). The plate was stored at 4ºC 

for at least 18 hours prior to use. Immediately prior to use the PDL/laminin solution was 

removed completely and the wells were rinsed as excess PDL can be toxic to neuronal 

cells. 

2.7.2| Cell Culture 

Mice were killed via CO2 inhalation and decapitated. Nodose ganglia were bilaterally 

removed and placed immediately in 10mL of ice cold F12 solution. Up to 4 nodose 

ganglia pairs were added to one tube. The nodose ganglia were cultured as outlined in 

section 2.4.1. However, following the final pelleting step, the HBSS was removed and 

300uL of ice cold neural basal A (NBA; A35829-01; ThermoFisher) medium 

supplemented with B-27 (17504-44; ThermoFisher), penicillin/streptomycin (15140-122; 

ThermoFisher), and glutaMAX (35050061; ThermoFisher) was added.  

5uL of the cell suspension was used to count cell numbers via tryphan blue exclusion 

(T10282, Invitrogen, ThermoFisher). 10uL of the cell suspension (approximately 500-

600 cells) was then added to the middle of the wells in the PDL/laminin coated 48 well 

plate. The plate was placed in an incubator for 2 hours at 37ºC.  

After incubation the cells were checked for adhesion and 500uL of NBA medium was 

added to each well. Control wells contained only NBA medium, whilst experimental 

wells contained either mAEA (1 or 100nM; Sigma) or ghrelin (1 or 3nM; G8903; Sigma). 
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The cells were then incubated for 14 hours at 37ºC, a period shown to be sufficient to 

observe changes in mRNA expression [467].  

After 14 hours the medium from the wells was carefully aspirated as to not disturb the 

cells. 50uL of ice cold PBS was then added to each well twice followed by careful 

aspiration as to not disturb the cells. 50uL of a lysis solution contained DNase 1 (provided 

in Cells-CT kit (A35374; ThermoFisher)) was then added to the wells, mixed via gentle 

pipetting and incubated at room temperature for 5 minutes. 5uL of a Stop Solution 

(provided in Cells-CT kit (ThermoFisher)) was then added and incubated at room 

temperature for 2 minutes. The lysed cells were then stored at -20ºC for a maximum of 2 

days before processing for qRT-PCR.  

2.7.3| Cultured cells qRT-PCR 

Cell culture samples were thawed to room temperature. Reverse transcription and qRT-

PCR were performed using a Cells-CT Kit (Thermofisher) following manufacturer’s 

instructions. The qRT-PCR step was performed in a 7500 Fast Real-time PCR system 

(ThermoFisher) with the following steps: 50ºC for 2 minutes, 95ºC for 10 minutes, and 

40 cycles of 95ºC for 15 seconds and 60ºC for 1 minute. 

Pre-designed Taqman gene expression assays (Life Technologies) were used to determine 

the mRNA expression and co-expression of CB1 (mm01212171_s1), TRPV1 

(mm01246300_m1), GHSR (mm00616415_m1), and FAAH (mm00515684_m1) in 

nodose ganglia cell cultures of SLD- and HFD-mice. Beta-2-microglobulin (B2M) and 

beta-actin (ActB) were used as housekeeping genes. They were chosen based on stability 

across diets (stability value of B2M and ActB = 0.082) using NormFinder software 

(Department of Molecular Medicine (MOMA), Aarhus University Hospital, Denmark). 
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Other housekeeping genes tested are illustrated in Table 2.4. Nuclease free water was 

substituted for amplified RNA as a negative control. RNA levels were calculated relative 

to the housekeeping genes using the 2ΔCT method [456]. 

Table 2.4: Details of housekeeping genes tested in cultured nodose neurons 

Gene Stability Value Catalogue # 

Class 3 β-Tubulin (Tubb-3) 0.506 mm00727586_m1 

β-actin (ActB) 0.071 mm00437762_m1 

β-2-microglobulin (B2M) 0.089 mm00437762_m1 

Hypoxanthine-phosphoribosyltransferase 

(HPRT) 

0.420 mm03024075_m1 

Peptidylprolyl Isomerase A (PPIA) 0.184 mm00620857_s1 

 

2.8| Statistical Analysis 

A one-way ANOVA with Tukey’s post hoc test was used to determine significant effects 

of mAEA on GVA mechanosensitivity. A two-ANOVA with Sidak’s post hoc was used 

to determine the differences between mAEA alone and in combination with an antagonist, 

mice body weight parameters, mRNA expression, and gastric content.  

All data was analysed using GraphPad Prism 7. P<0.05 were deemed significant.  
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2.9| Solutions 

Collagenase  

Collagenase Type II  12mg 

HBBS (Mg2+/Ca2+ free) 3mL 

 

Collagenase/Dispase 

Collagenase Type II  12mg 

Dispase   14mg 

HBBS (Mg2+/Ca2+ free) 3mL 

 

Gelatin Slides 

Gelatin    5g 

Chrome Alum   0.5g 

dH20    1L 

 

Krebs 

NaCl    69g 

NaHCO3   21g 

Glucose   20g 
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KCl    3.5g 

MgSO4 7H2O   2.95g 

Citric acid   2.0g 

NaH2PO4   1.6g 

Nifedipine (1µM)  1mL 

dH2O    10L 

 

NBA Complete Medium 

NBA    25mL 

B-27    0.5mL 

MEM/Glutamax  0.25mL 

Penicillin/streptomycin 0.25mL 

 

Paraformaldehyde 4% 

0.2M  Na2HPO4  405mL 

0.2M NaH2PO4  95mL 

Paraformaldehyde  40g 

dH2O    Diluted to 1L 
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PBS-TX 

1x PBS   200mL 

TritonX-100   400uL 

 

PDL Stock 

PDL    100µL 

HBSS (Mg2+/Ca2+ free) 3.3mL 

 

PDL/Laminin 

PDL Stock   2.2mL 

Laminin (filtered)  240uL  
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Significance Statement (120 words) 

 The fine control of food intake is important for the maintenance of a healthy 

metabolic state.   

 GVAs are involved in the peripheral regulation of food intake via signalling the 

degree of distension of the stomach which ultimately leads to feelings of fullness 

and satiety.  

 This study provides evidence that endocannabinoids, such as anandamide, are 

capable of regulating GVA sensitivity in a concentration-dependent biphasic 

manner.  

 This biphasic effect is dependent upon CB1, TRPV1, and GHSR interactions. 

 These data have important implications for the peripheral control of food intake.  
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Abstract  

Introduction: Gastric vagal afferents (GVAs) signal to the hindbrain resulting in satiety. 

Endocannabinoids are endogenous ligands of cannabinoid 1 receptor (CB1) and transient 

receptor potential vanilloid-1 (TRPV1) channels. The endocannabinoid anandamide 

(AEA) is expressed in the stomach, and its receptor CB1 is expressed in ghrelin-positive 

gastric mucosal cells. Further, TRPV1, CB1 and growth hormone secretagogue receptor 

(ghrelin receptor, GHSR) are expressed in subpopulations of GVA neurons. This study 

aimed to determine the interaction between TRPV1, CB1, GHSR and endocannabinoids 

in the modulation of GVA signalling. 

Methods: An in vitro electrophysiology preparation was used to assess GVA 

mechanosensitivity in male C57BL/6 mice. Effects of methanandamide (mAEA; 1-

100nM), on GVA responses to stretch were determined in the absence and presence of a 

CB1, TRPV1, GHSR, protein kinase-A (PKA), protein kinase-C (PKC), Gαi/o, or Gαq 

antagonist.    

Results: Low doses (1-10nM) of mAEA reduced, whereas high doses (30-100nM) 

increased GVA responses to 3g stretch. The inhibitory and excitatory effects of mAEA 

(1nM&100nM) were reduced/lost in the presence of a CB1 and TRPV1 antagonist. PKA, 

Gαi/o, or GHSR antagonists prevented the inhibitory effect of mAEA on GVA 

mechanosensitivity. Conversely, in the presence of a PKC or Gαq antagonist the 

excitatory effect of mAEA was reduced or lost respectively. 

Conclusions: Activation of CB1, by mAEA, can activate or inhibit TRPV1 to increase 

or decrease GVA responses to stretch depending on the pathway activated. These 

interactions could play an important role in the fine control of food intake.  
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Introduction  

Endocannabinoids such as anandamide (AEA) increase appetite via central activation of 

the cannabinoid 1 receptor (CB1) [468, 469]. It has also been demonstrated that peripheral 

activation of CB1 can also increase appetite [333, 470, 471] which is dependent on intact 

vagal afferent neurones [345, 472]. 

In the periphery, the gut-brain axis plays an important role in signalling the arrival, 

amount and nutrient composition of a meal [214]. In the stomach there are two distinct 

gastric vagal afferent (GVA) receptors that respond to these stimuli, mucosal and tension 

receptors [460]. Mucosal receptors respond to gentle contact of food particles with the 

gastric epithelia and are thought to be involved in nausea, vomiting [217], and gastric 

emptying [205]. Tension receptors respond to stretch or distension of the gastric wall and 

are thought to be involved in the generation of fullness and satiety sensations [204]. The 

mechanosensitivity of GVAs are modulated by factors including: dietary status [167], 

time of day [224], hormones [220], and adipokines [223]. For example, activation of the 

transient receptor potential vanilloid 1 (TRPV1) ion channel with oleoylethanolamide 

increases the mechanosensitivity of GVAs [235] and ghrelin reduces the 

mechanosensitivity of tension sensitive GVAs through action at the growth hormone 

secretagogue receptor (GHSR) [220].  

TRPV1 is a non-selective cation channel that is highly permeable to calcium [395]. 

Ingestion of capsaicin, a pungent component of chilli and an agonist of TRPV1, can 

decrease food intake [422, 434, 473]. This is complicated by TRPV1 interactions with 

CB1 receptors. In dorsal root ganglia, activation of CB1 by AEA can result in either an 

inhibitory or excitatory effect on TRPV1 depending on the secondary messenger 
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pathways activated [447]. Low concentrations of AEA (3-30nM) reduce TRPV1 activity 

via inhibition of the adenylyl cyclase and protein kinase A (PKA) pathway [406, 447, 

474]. Conversely, high concentrations of AEA (1-10µM) can sensitise TRPV1 via 

activation of phospholipase C (PLC) and protein kinase C (PKC) pathways [397, 413]. It 

is unknown whether these biphasic effects occur in GVAs.  

CB1 receptors are also expressed in ghrelin-positive gastric mucosal cells [249]. 

Activation of these CB1 receptors increases gastric ghrelin secretion [249]. It is known 

that ghrelin reduces the mechanosensitivity of GVAs [220]. Whether endocannabinoids 

in the stomach can regulate GVA function through the release of ghrelin is unclear.  

It is known that AEA is produced in the stomach and that CB1 receptors are expressed 

on ghrelin positive cells and GVAs. Further, it is also known that GVAs express CB1, 

TRPV1 and GHSR. Therefore using an in vitro electrophysiology preparation this study 

aimed to determine the role of CB1, GHSR, and TRPV1 in the regulation of GVA satiety 

signals by methanandamide (mAEA), the stable analogue of AEA. 
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Methods 

Ethical Approval 

This study was approved by the animal ethics committee of the South Australian Health 

and Medical Research Institute (SAHMRI), and carried out in accordance with the 

Australian code for the care and use of animals for scientific purposes, 8th edition 2013 

and the ARRIVE guidelines [475].  

Mice 

Seven-week-old C57BL/6 male mice (N=76; 27.69±0.11g; Bioresources Facility, 

SAHMRI, Adelaide, Australia) were group housed in littermates of 4 or 5 for one week. 

All mice were housed under a 12:12hr light: dark cycle at a constant temperature (22°C) 

with ad libitum access to a standard laboratory diet (SLD; 12% energy from fat, 65% 

energy from carbohydrates, 23% energy from protein) and water, unless otherwise stated.  

Retrograde tracing studies  

This procedure has been described in detail previously [223]. Briefly, mice were 

anaesthetised with 3% isofluorane in 1-1.5% oxygen and a midline abdominal laparotomy 

was performed. The stomach was exteriorised and Alexa Fluor® 555 conjugate of cholera 

toxin β-subunit (C22843; Life Sciences, Australia) was injected under the serosal layer 

with 10 equally spaced injections (10µL total). The laparotomy was sutured, and mice 

were given a subcutaneous injection of antibiotic (baytril; 10mg/50µL) and analgesic 

(buprenorphine; 0.1mg/kg) to aid recovery. 
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Two days post procedure mice were humanely killed via CO2 inhalation and nodose 

ganglia were bilaterally dissected and prepared for either single cell RT-PCR or 

immunohistochemistry.  

Cell Culture 

This method has been described in detail previously [455]. Briefly, nodose ganglia were 

incubated in collagenase and dispase (4mg/mL) in Hank’s Balanced Salt Solution (HBSS; 

14170112; Thermo Fisher Scientific, Australia) at 37°C for 30 minutes and then a 

collagenase (4mg/mL) solution in HBSS at 37°C for 10 minutes. Nodose ganglia were 

then mechanically sheared into single cells using a fire polished pipette, washed in ice-

cold HBSS and then diluted to approximately 1 cell/µL.  

1µL of cell suspension was placed onto a piece of thin glass (approx. 4mm by 8mm) and 

examined for the presence of a single fluoresced cell under an epifluorescence microscope 

(BX-51, Olympus, Australia) equipped with filters for Alexa Fluor 568. The glass piece 

was then examined under bright field (BX-51, Olympus, Australia) to ensure non-

fluoresced cells were not present, and then dropped into Single Cell Lysis/DNase 1 

solution (10µL) provided in a Single Cell-CTTM Kit (4458235; Life Technologies, 

Australia) for 5 minutes incubation at room temperature. A stop solution (1µL; 4458235; 

Life Technologies, Australia) was added and incubated for 2 minutes, and then the 

samples were stored at -20°C until further processing for single cell RT-PCR.  

Single Cell RT-PCR 

Single cell qRT-PCR was performed on lysed single fluoresced cell using the Single Cell-

CTTM Kit following the manufacturer’s instructions. Pre-designed Taqman gene 

expression assays (Life Technologies, Australia) were used to measure the mRNA levels 
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and co-expression of TRPV1 (mm01246300_m1) and CB1 (mm01212171_s1) in traced 

tension GVA neurons and untraced nodose neurons. Beta-2-microglobulin (B2M; 

mm00437762_m1) and beta-actin (ActB; mm02619580_g1) were used as housekeeping 

genes and were chosen based on stability across all samples determined from NormFinder 

software (stability value of B2M and ActB = 0.102; Department of Molecular Medicine 

(MOMA), Aarhus University Hospital, Denmark). Relative mRNA levels were calculated 

using the 2ΔCT method [456]. 

Immunohistochemistry  

Following dissection nodose ganglia were immediately placed in a 4% paraformaldehyde 

solution at room temperature for 4 hours with gentle agitation, and then placed in a 30% 

sucrose solution for a minimum of 18 hours at 4°C. nodose ganglia were then removed 

from the sucrose solution, frozen in Tissue-Tek mounting medium (IA018; ProSciTech), 

and cryosectioned at 10µM thickness. 

Immunoreactivity for TRPV1, CB1, and GHSR in retrogradely traced nodose ganglia 

sections was determined using a rabbit polyclonal antibody to CB1 (diluted 1:200 in 

phosphate buffered saline + 0.2% Triton X-100 (PBS-TX; Sigma Aldrich), a goat 

polyclonal antibody to TRPV1 (diluted 1:400 in PBS-TX; GT15128; Neuromics-Life 

Research), and a rabbit polyclonal antibody to GHSR (diluted to 1:200 in PBSTX). The 

primary antibody for CB1 was visualised using donkey anti-rabbit secondary antibody 

coupled to Alexa Fluor 488 or 350 (diluted 1:200 in PBS-TX). The primary antibody for 

TRPV1 was visualised using donkey anti-goat secondary antibody coupled to Alexa Fluor 

350 (diluted 1:200 in PBS-TX). The primary antibody for GHSR was visualised using 

donkey anti-rabbit secondary antibody coupled to Alexa Fluor 488 (diluted 1:200 in PBS-
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TX). CB1 and TRPV1 were dual labelled on the same sections. As GHSR and CB1 share 

a host antibody, these were labelled on consecutive sections. 

The sections were air dried at room temperature on gelatine-coated slides for 40 minutes 

then rinsed with PBSTX 3 times. The sections were then blocked with 10% donkey sera 

for 40 minutes and rinsed 3 times for 5 minutes with PBSTX. The sections were then 

incubated with primary antibodies for CB1 or GHSR at room temperature for 20 hours 

and then washed three times with PBS-TX to remove unbound antibody. Sections were 

then incubated for 1 hour at room temperature with the secondary antibody and washed 

in PBS-TX to remove unbound antibody. This process was repeated for the TRPV1 

antibody after which sections were given final PBSTX washes and mounted with 

ProLong antifade.  

Slides were imaged with an epifluorescence microscope (BX-51, Olympus, Australia) 

equipped with filters for Alexa Fluor® 350, 488, and 568. Images were overlayed using 

Image J software (University of Wisconsin, USA) and analysed for percentage of co-

expression of CB1, TRPV1, and GHSR in traced and untraced cells. This was performed 

using 15 non-consecutive sections per animal. 

In vitro gastric vagal afferent preparation 

This preparation has been described in detail previously [460]. Briefly, mice were 

humanely killed via 5% isofluorane and decapitation between 0700 and 0730hr to 

minimise the influence of circadian variation. A midline laparotomy was performed, the 

oesophagus and stomach with attached vagal nerves were dissected out, opened 

longitudinally and pinned mucosal side up in a modified Krebs solution. The Krebs 

solution consisted of (in mM): 118.1 NaCl, 4.7 KCl, 25.1 NaHCO3, 1.3 NaH2PO4, 1.2 
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MgSO4.7H2O, 1.5 CaCl2, 1.0 citric acid, 11.1 glucose and 0.001 nifedipine, bubbled with 

95% O2- 5% CO2. Whilst nifedipine is an L-type calcium channel blocker, previously it 

has been shown that it has no significant effects on GVA mechanosensitivity [459].  

The vagal nerves were then threaded through a divider into a paraffin oil filled chamber. 

The nerves were then desheathed and split into smaller nerve bundles (10-16) which were 

subsequently placed onto a platinum electrode for recording. 

Gastric vagal afferent subtypes 

Consistent with previous reports [460], two types of murine mechanosensitive GVAs 

were recorded, mucosal and tension sensitive GVAs. Mucosal sensitive GVAs respond 

to mucosal stroking but not to circular tension, and tension sensitive GVAs respond to 

both mucosal stroking and circular tension. Responses of mucosal sensitive GVAs were 

determined using a calibrated von Frey hair (50mg). The von Frey hair was stroked across 

the receptive field at a rate of 5mms-1 10 times with 1 second intervals. The middle 8 

strokes were used for analysis. 

Responses of tension sensitive GVAs were determined by underpinning a hook and thread 

to an area adjacent to the receptive field. The thread was then attached to a cantilever 

system. A standard weight (1g) was attached to the opposite end of the cantilever for a 

period of one minute followed by a one minute rest period. This was repeated with 

increasing weights (3g and 5g). The mean number of nerve impulses during the weight 

period were used for analysis. Only the response to 3g was obtained before and after 

superfusion with drugs. This was due to the fact that 3g provided a midpoint response to 

tension and thus provided opportunity for drugs to excite or inhibit mechanosensitivity. 

In contrast, 1g tension did not always elicit a response and 5g often elicited a maximum 

response therefore preventing inhibitory or excitatory effects respectively. 
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Effect of methanandamide on mechanosensitivity of gastric vagal afferents 

Following the establishment of baseline GVA sensitivity, 0.1nM of mAEA, a stable 

analogue of AEA, was added to the Krebs superfusion and allowed to equilibrate for 20 

minutes to allow penetration of the gastric wall. The mechanosensitivity of the GVAs was 

then re-determined. This process was repeated for increasing concentrations of mAEA. 

To avoid time dependent effects no more than 4 concentrations of mAEA were examined 

on individual GVAs. Therefore, the experiments were split into low (0.1, 0.3, 1, and 3nM) 

and high (10, 30, and 100nM) concentrations. Time controlled experiments were 

performed with no significant change in mechanosensitivity of mucosal and tension 

sensitive GVAs over a comparable duration. 

In a separate set of experiments, to determine the receptors and secondary messenger 

pathways used by mAEA to modulate GVA mechanosensitivity, antagonists of CB1 

(rimonabant 300nM [450]), GHSR (YIL-781 300nM [462]), TRPV1 (AMG9810 30nM 

[461]), Gαi/o (NF023 300nM [463]), Gαq (YM-254890 100nM [464]), PKA (PKA 

inhibitor fragment (6-22) amide (PKA-IFA 5nM [465]), and PKC (bisindolylmaleimide-

II (BIS-II) 10nM [466]) were used. Firstly the baseline effect of mAEA on GVA 

mechanosensitivity was determined, then the mAEA was washed out, followed by the 

effect of the antagonist alone, and then the effect of mAEA in combination with the 

antagonist. 

Drugs 

Stock solutions of mAEA, rimonabant (1mM), AMG9810 (300µM) and BIS-II (100µM) 

were made using absolute ethanol. Stock solutions of NF023 (1mM), YM-254890 

(1mM), and YIL-781 (1mM) were made using Krebs solution. All drugs were stored at -
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20°C and diluted to final concentrations in Krebs the day prior to experiments. Ethanol 

control studies were performed to measure ethanol’s effects on GVA mechanosensitivity. 

No significant effects were found at the concentrations used. mAEA (M186), rimonabant 

hydrochloride (SML0800), AMG9810 (A2731), YIL-781 (SML1148), BIS-II (B3056), 

and PKA-IFA (P6062) were obtained from Sigma Aldrich (Australia). NF 023 (1240/10) 

was obtained from In Vitro Technologies (Australia). YM-254980 (AG-CN2-0509-

M001) was obtained from Sapphire Biosciences (Australia). 

Data Analysis 

All data in graphs is presented as the mean ± SEM and was analysed using GraphPad 

Prism software. Data relating to the effect of mAEA alone on GVAs was analysed using 

a one-way ANOVA with a Tukey post hoc test. Data relating to the effect of mAEA on 

GVAs in combination with antagonists was analysed using a two-way ANOVA with a 

Sidak post hoc test. P-values less than or equal to 0.05 were deemed significant. 
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Results 

CB1, GHSR and TRPV1 co-localise in tension sensitive gastric vagal afferent cell 

bodies 

Co-localisation of CB1, GHSR, and TRPV1 mRNA are illustrated in Figure 1. TRPV1, 

CB1, and GHSR were expressed in individual retrogradely traced tension sensitive GVA 

cell bodies (relative expression: TRPV1 1.69±0.25; CB1 0.70±0.05; GHSR 0.19±0.03; 

Figure 1Ai). The traced cell bodies expressed either TRPV1 alone (2% of traced cells), 

CB1 and GHSR (8% of traced cells) or TRPV1, CB1 and GHSR (90% of traced cells). 

In contrast, in untraced cell bodies 34% expressed neither TRPV1, CB1 nor GHSR, 22% 

expressed only TRPV1, 16% expressed CB1 and GHSR, and 28% expressed TRPV1, 

CB1 and GHSR (Figure 1Aii). No cells expressed only CB1 or GHSR. 

By using immunohistochemistry, TRPV1, CB1, and GHSR protein were co-localised and 

present in retrogradely traced tension sensitive GVA cell bodies (Figure 1Bi, 1Bii, and 

1Biii). All traced cell bodies were reactive for TRPV1, CB1, GHSR, or all, whilst 46% 

of untraced cell bodies were reactive for neither. TRPV1, CB1, and GHSR were co-

localised in 85% of traced and 20% of untraced cell bodies. TRPV1 alone was reactive in 

4% of traced and 20% of untraced cell bodies. CB1 and GHSR were reactive in 11% of 

traced and 14% of untraced cell bodies. No cell bodies expressed only CB1 or GHSR 

(Figure 1Biiv). 
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Figure 3.1: CB1, TRPV1, and GHSR are co-expressed in tension sensitive gastric 

vagal afferent neurons.  

Single cell RT-PCR with (Ai) relative mRNA expression of TRPV1, CB1, and GHSR 

from traced tension sensitive gastric vagal afferent (GVA) neurons, and (Aii) cell counts 

for mRNA expression of TRPV1, CB1, and GHSR from traced tension sensitive GVA 

neurons and randomly acquired neurons from untraced nodose ganglia. 

Immunohistochemistry with (Bi) co-localisation of TRPV1 and CB1, (Bii) GHSR and 

TRPV1, and (Biii) GHSR and CB1 in traced tension sensitive GVA neurons, and (Biv) 

cell counts for expression of TRPV1 and/or CB1 from traced tension sensitive GVA 

neurons and untraced nodose ganglia. Cells were imaged at 40X magnification. White 

scale bar represents 10µm. 
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Methanandamide has dual effects on tension sensitive gastric vagal afferents 

The effects of mAEA on the mechanosensitivity of mucosal and tension sensitive GVAs 

are illustrated in Figure 2. At all concentrations, mAEA had no effect on the 

mechanosensitivity of mucosal GVAs to mucosal stroking (Figure 2A).  

At 0.1nM, mAEA had no significant effect on the response of tension sensitive GVAs to 

circular stretch. At 0.3nM, 1nM, and 3nM, mAEA significantly reduced the response of 

tension sensitive GVAs to circular stretch (Figure 2B), with the highest reduction at 1nM 

which was significantly greater than 0.3nM (P=0.041) (Figure 2C) (0.3nM -46.2 ± 0.02%, 

P=0.011; 1nM -73.2 ± 0.03%, P≤0.048; 3nM -37.2 ± 0.03%; F=2.996(7, 46); mAEA 

effect). At 10nM, mAEA had no significant effect on the response of tension sensitive 

GVAs. At 30nM and 100nM mAEA significantly enhanced the response of tension 

sensitive GVAs to stretch (Figure 2B) with the highest excitation at 100nM; however this 

was not significantly different to 30nM (Figure 2D) (30nM +43.9%, P=0.023; 100nM 

+61.6%, P=0.0003; F(7,46)=2.996). 
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Figure 3.2: Methanandamide has dose-dependent biphasic effects on tension 

sensitive but not mucosal gastric vagal afferents.  

(A) Mucosal gastric vagal afferent (GVA) responses to stroking over the receptive field 

with a 50mg von Frey hair and (B) tension sensitive GVA responses to 1 minutes of 3g 

circumferential stretch before and after addition of methanandamide (mAEA) (0.1-

100nM). N=6 mice per concentration. Data are expressed as the mean ± SEM. 

Concentrations with different letters denotes significance (P<0.05; One way ANOVA, 

Tukey post hoc test). (C & D) Original recording of a tension sensitive GVA response to 

3g stretch before (Ci, Di) and after application of 1nM (Cii) and 100nM (Dii) mAEA.  

 

The biphasic effects of methanandamide are mediated via CB1 and TRPV1 

The effects of mAEA alone or in combination with either the CB1 antagonist rimonabant 

or the TRPV1 antagonist AMG9810 are illustrated in Figure 3.  

Rimonabant, alone (300nM) had no effect on the response of tension sensitive GVAs to 

circular stretch (Figure 3A). When combined with rimonabant, the inhibitory effect of 

1nM mAEA was lost (P<0.0001), and the excitatory effect of 100nM mAEA was reduced 

(P<0.05) (Figure 3A; mAEA effect (P<0.0001, F(3,40)=58.92), drug type effect 

(P<0.0001, F(3,40)=14.29), and an interaction (P=0.0005, F(1,40)=14.29). 

AMG9810 alone (30nM) had no effect on the response of tension GVAs to circular stretch 

(Figure 3B). When combined with AMG9810 the inhibitory and excitatory effects of 1nM 

and 100nM mAEA respectively were lost (P<0.0001) (Figure 3B; mAEA effect 

(P<0.0001, F(3,40)=39.26), and an interaction (P<0.0001, F(3,40)=34.93). 
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Figure 3.3: The inhibitory and excitatory effects of methanandamide on gastric 

vagal afferent mechanosensitivity, are mediated by CB1 and TRPV1.  

Tension sensitive gastric vagal afferent (GVA) responses to 1 minute of 3g 

circumferential stretch in the presence of methanandamide (mAEA) alone (0-100nM) or 

in combination with (A) a CB1 antagonist (rimonabant hydrochloride; 300nM) or (B) a 

TRPV1 antagonist (AMG9810; 30nM). N=6 mice. Data are expressed as the mean ± 

SEM. P<0.05 vs * mAEA at 0nM or # mAEA alone at the same mAEA concentration 

(Two way ANOVA, Sidak’s post hoc test). 

 

The inhibitory effect of methanandamide is mediated by Gαi/o, PKA, and GHSR 

pathways  

The effects of mAEA alone or in combination with either Gαi/o antagonist NF023, PKA 

antagonist PKA-IFA, or GHSR antagonist YIL-781 are illustrated in Figure 4. 

NF023 alone (300nM) had no effect on the response of tension sensitive GVAs to circular 

stretch (Figure 4A). When combined with NF023 the inhibitory effect of 1nM mAEA 

was lost (P<0.0001), and the excitatory effect of 100nM mAEA remained (Figure 4A; 
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mAEA effect (P<0.0001, F(3,40)=308.3), drug type effect (P<0.0001, F(1,40)=55.68), 

and an interaction (P<0.0001, F(3.40)=8.93)). 

PKA-IFA alone (5nM) had no significant effect on the response of tension sensitive 

GVAs to circular stretch (Figure 4B). When combined with PKA-IFA, the inhibitory 

effect of 1nM mAEA was lost (P<0.0001), and the excitatory effect of 100nM mAEA 

remained (Figure 4C; mAEA effect (P<0.0001, F(3,40)=86.75), drug type effect 

(P=0.034, F(1,40)=4.79) and no interaction).  

YIL-781 alone (100nM) had no significant effect on the response of tension sensitive 

GVAs to circular stretch (Figure 4C). When combined with YIL-781 the inhibitory effect 

of 1nM mAEA was lost (P<0.0001), and the excitatory effect of 100nM mAEA remained 

(Figure 4C; mAEA effect (P<0.0001, F(3,40)=77.42), drug type effect (P=0.0014, 

F(1,40)=11.84), and an interaction (P<0.0001, F(3,40)=9.926)). 
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Figure 3.4: The inhibitory effect of methanandamide on gastric vagal afferent 

mechanosensitivity is mediated by Gαi/0 – PKA, and GHSR pathways.  

Tension sensitive gastric vagal afferent (GVA) responses to 1 minute of 3g 

circumferential stretch in the presence of methanandamide (mAEA) alone (0-100nM) or 

in combination with (A) a Gαi/o antagonist (NF023; 300nM), (B) a protein kinase-A 

(PKA) antagonist (PKA inhibitor fragment (6-22) amide (PKA-IFA) 5nM), or a GHSR 

antagonist (YIL-781; 300nM). N=6 mice per antagonist. Data are expressed as the mean 

± SEM. P<0.05 vs * mAEA at 0nM or # mAEA alone at same mAEA concentration (Two 

way ANOVA, Sidak’s post hoc test). 

 

The excitatory effect of methanandamide is mediated by Gαq and PKC 

The effects of mAEA alone or in combination with either Gαq antagonist YM-254980 or 

PKC antagonist BIS-II are illustrated in Figure 5. 

YM-254980 alone (100nM) had no significant effect on the response of tension sensitive 

GVAs to circular stretch (Figure 5A). When combined with YM-254890 the inhibitory 

effect of 1nM mAEA remained and the excitatory effect of 100nM mAEA was reduced 

(P<0.05) (Figure 5A; mAEA effect (P<0.0001, F(3,40)=117) and an interaction 

(P=0.0005, F(3,40)=7.29)). 
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BIS-II alone (10nM) had no significant effect on the response of tension sensitive GVAs 

to circular stretch (Figure 5B). When combined with BIS-II the inhibitory effect of 1nM 

mAEA remained and the excitatory of 100nM mAEA was reduced (P<0.001) (Figure 5B; 

mAEA effect (P<0.0001, F(3,40)=204.3) and drug type effect (P=0.014, F(1,40)=6,65)). 

 

Figure 3.5: The excitatory effect of methanandamide is mediated by Gαq and PKC 

pathways.  

Tension sensitive gastric vagal afferent (GVA) responses to 1 minute of 3g 

circumferential stretch in the presence of methanandamide (mAEA) alone (0-100nM) or 

in combination with (A) a Gαq antagonist (YM-254980; 100nM) or (B) a PKC antagonist 

(BIS-II; 10nM). N=6 mice. Data are expressed as the mean ± SEM. P<0.05 vs * mAEA 

at 0nM or # mAEA alone at same mAEA concentration (Two way ANOVA, Sidak’s post 

hoc test). 
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Discussion  

The current study demonstrates that CB1, TRPV1, and GHSR are co-expressed in tension 

sensitive GVAs, and that mAEA has concentration dependent biphasic effects on the 

mechanosensitivity of tension sensitive GVAs. Further, this study demonstrates that these 

effects may be mediated by regulation of TRPV1 ion channels by CB1 and GHSR-

dependent mechanisms. 

CB1, GHSR, and TRPV1 are co-expressed in nodose ganglia 

CB1, TRPV1, and GHSR were expressed in individual cells bodies of tension sensitive 

GVAs. Further, their co-expression was higher in GVA neurons than non-GVA neurons 

from the general nodose ganglia population, suggesting a possible selective role in this 

sub-group of vagal afferents. This also emphasises the importance of studying identified 

populations of neurones for specificity of action. A previous study [476] indicated that 

co-expression and immunoreactivity of CB1, TRPV1, and GHSR was much higher in the 

general nodose ganglia population compared to the current study. However this study was 

performed on rats that had been fasted for 48 hours [476] and fasting is known to alter 

the expression of GHSR and CB1 [477, 478]. We found that CB1 and GHSR mRNA were 

always co-expressed both in tension sensitive GVA neurons and nodose neurons from the 

general population. CB1 and GHSR have been demonstrated to be highly co-expressed 

in other tissues such as liver [479] and hypothalamus [480], and demonstrate co-

dependency for functionality [336, 479]. Further, both CB1 and GHSR interact with 

TRPV1 in the dorsal root ganglia and the hypothalamus [441, 447]. Therefore, it is 

possible that TRPV1, CB1 and GHSR co-localised in the same cells could interact to 

modulate satiety signalling.  
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Methanandamide biphasically regulates tension sensitive gastric vagal afferent 

responses to stretch 

The stable analogue of AEA, mAEA, biphasically modulated the response of tension 

sensitive GVAs to stretch, with inhibitory effects at low concentrations and excitatory 

effects at high concentrations. Tension sensitive GVAs are important for the regulation 

of food intake, signalling the degree of gastric distension to the hindbrain eventually 

leading to feelings of fullness and satiety [204]. Therefore, the reduced response to stretch 

at low mAEA concentrations may act to increase food intake. Conversely, at higher 

concentrations, mAEA increased the response of tension sensitive GVAs to stretch which 

may act to reduce food intake, suggesting a concentration dependent biphasic modulation 

[447].  

The biphasic effects of methanandamide are mediated by CB1 and TRPV1 through 

activation of different second messenger pathways 

The inhibitory and excitatory effects of mAEA were dependent on both CB1 and TRPV1. 

It has been shown that activation of CB1 can enhance or inhibit TRPV1 depending on the 

second messenger pathway utilised [447].  

Antagonism of either Gαq or PKC reduced the excitatory effect of mAEA at high 

concentrations. Gαq leads to PLC activation and eventually PKC activation [447]. 

Further, PKC has been shown to sensitise TRPV1, to TRPV1 analogues [397, 413], 

suggesting this is a possible secondary messenger pathway for mAEA, at high 

concentrations, in tension sensitive GVAs (Figure 6A). Following CB1 antagonism there 

was a residual mAEA excitatory effect present. AEA is known to intracellularly activate 

TRPV1; an effect prevalent at high AEA concentrations [408, 447]. Therefore, the 
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residual effect is likely due to direct mAEA interactions with TRPV1. However, it is 

unknown whether the concentration of the CB1 antagonist was sufficient to completely 

block the CB1 receptors or whether other pathways are involved and, therefore, this 

requires further investigation.  

The inhibitory effect, of mAEA on tension sensitive GVAs, at low concentrations was 

abolished in the presence of a Gαi/o or PKA antagonist. Gαi/o is known to inhibit adenylyl 

cyclase and reduce cellular cAMP and subsequently PKA activity [447]. Further, 

activation of CB1 can inhibit PKA to desensitise TRPV1 [447]. It has been demonstrated, 

including in sensory neurones of the dorsal root ganglia, that PKA enhances TRPV1 

activity sensitising it to TRPV1 stimuli [406, 474, 481]. Therefore, it appears that mAEA 

activates CB1- Gαi/o to inhibit PKA and thus reduce TRPV1 activity. However, 

antagonism of PKA alone had no effect on tension sensitive GVA activity [474]. If the 

antagonist was inhibiting the excitatory effect of PKA, similar to CB1 activation, then the 

antagonist alone should reduce TRPV1 activity and thus GVA mechanosensitivity. 

Therefore, although there is evidence that PKA plays a role in the inhibitory effect of 

mAEA on tension sensitive GVAs, further investigation is required to determine the exact 

role. Nonetheless, this data raises the possibility that another pathway is involved.  

In the current study, the inhibitory effect, of mAEA on tension sensitive GVAs, was also 

abolished in the presence of the GHSR antagonist YIL-781. It is known that CB1 can 

promote ghrelin release via modulation of the mammalian target of rapamycin (mTOR) 

pathway [249]. Activation of CB1 inhibits mTOR activity, presumably via Gαi/o [482], 

subsequently increasing ghrelin release from gastric cells. Further, endogenous ghrelin, 

acting at GHSR [220], has been shown to reduce the mechanosensitivity of tension 

sensitive GVAs [220]. Therefore, it is likely that the inhibitory effect of mAEA, at low 
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concentrations, is through CB1 mediated ghrelin release, from gastric X/A-like cells 

[483], which subsequently acts on tension sensitive GVA endings to reduce 

mechanosensitivity [220] (Figure 6B). This possibly involves an interaction between 

GHSR and TRPV1, however, this is highly speculative and requires further investigation. 

GHSR has been shown to interact with TRPV1 in magnocellular neurons [441], albeit, in 

these neurons activation of GHSR leads to activation of TRPV1 [441], not inhibition as 

observed in the current study. This may be due to tissue specific differences in the action 

of ghrelin and GHSR [484]. Further, GHSR has very high constitutive activity [485], 

therefore, although it is likely that CB1 mediated ghrelin release from gastric mucosal 

cells is acting on GHSR on GVA endings, blocking GHSR may impact on the CB1 

response independent of ghrelin release. 

GHSR predominantly couples to Gαq in most tissues, however, the current study suggests 

that in GVA endings it may couple to Gαi/o. This is supported by previous evidence 

indicating that GHSR signals via Gαi/o in vagal afferent cell bodies [486]. However, it 

should be noted that this study was performed in whole nodose ganglia, and not specific 

subpopulations and, therefore, the role of Gαi/o in GHSR signalling in GVAs requires 

further investigation. 
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Figure 3.6: Schematic of the possible pathways for the inhibitory and excitatory 

effects of methanandamide on gastric vagal afferent mechanosensitivity.  

(A) The excitatory effect of methanandamide (mAEA) on the mechanosensitivity of 

gastric vagal afferents (GVAs) is likely due to both the direct intracellular activation of 

TRPV1 and indirect activation of the CB1 mediated PKC-TRPV1 secondary messenger 

pathway. (B) The inhibitory effect is likely a result of mAEA activating CB1 mediated 

gastric ghrelin release, with subsequent ghrelin action upon GHSR on tension sensitive 

gastric vagal afferent (GVA) endings. (C) It cannot be ruled out that blocking GHSR 

without direct ghrelin activation may also alter secondary messenger pathways.  

 

The biased agonism observed may be facilitated by different mechanisms. Ghrelin levels 

typically decrease post prandially [487]. Therefore the absence of ghrelin in these 
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conditions could result in a TRPV1 mediated increase in vagal afferent activity and a 

subsequent decrease in food intake. In addition, CB1 is known to interact with other G-

protein coupled receptors and regulatory proteins. For example, CB1 is known to form a 

heterodimer with the dopamine 2 receptor causing a shift in G-protein signalling, even in 

the absence of dopamine [453, 465]. Further, regulators of CB1 such as the CB1 

interacting protein 1a are known to attenuate Gαi/o signalling [451, 452]. Therefore it is 

conceivable that these interactions may influence bias agonism by CB1. This requires 

further investigation. In addition, GVAs display circadian rhythmicity to finely control 

food intake to energy demand [224]. It is possible that biased CB1 signalling could play 

a role in the regulation of these circadian rhythms. However, this is highly speculative 

and requires further investigation. 

The antagonists used in the current study were either potent or selective to the molecular 

targets intended. However, the possibility of the antagonists acting on other molecules 

cannot be ruled out. Further, it is not possible to determine whether the molecular targets 

have been completely blocked by the concentrations used. These possibilities need to be 

considered when evaluating potential mechanisms. In addition, future experiments should 

include single cell calcium imaging or patch clamp experiments to tease out the 

mechanisms at the cellular level. 

In conclusion, the current study demonstrates that there is an interaction between CB1, 

TRPV1 and GHSR to mediate the biphasic effects of mAEA on tension sensitive GVAs. 

The dose-dependent effects of mAEA is either via direct action on GVAs or via CB1 

receptors on gastric ghrelin cells. Further, investigation is required to understand how 

these interactions are altered by nutritional status, such as in high fat diet-induced obesity. 
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Significance Statement 

 Gastric vagal afferent responses to tension are dampened in high fat diet-induced 

obesity. 

 Endocannabinoids are known to dose dependently inhibit and excite gastric vagal 

afferents but their effect on gastric vagal afferents in diet-induced obesity is not 

known. 

 In individual gastric vagal afferent neurons of diet-induced obese mice the co-

expression of CB1, GHSR, TRPV1, and FAAH was increased compared to lean 

mice. 

 In diet-diet induced obese mice methanandamide only inhibited gastric vagal 

afferent responses to tension, possibly due to the observed change in balance of 

receptors, hormones, and breakdown enzymes in this system.  

 Collectively, these data suggest that endocannabinoid signalling by gastric vagal 

afferents is altered in diet-induced obesity which may impact satiety and 

gastrointestinal function. 
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Abstract 

Gastric vagal afferents (GVAs) play a role in appetite regulation. The endocannabinoid 

anandamide (AEA) dose dependently inhibits and excites tension sensitive GVAs. 

However, it is also known that high fat diet (HFD) feeding alters GVA responses to 

stretch. The aim of this study was to determine the role of AEA in GVA signalling in lean 

and HFD-induced obese mice. 

Male C57BL/6 mice were fed (12wks) a standard laboratory diet (SLD) or HFD. Protein 

and mRNA expression of components of the cannabinoid system was determined in 

individual GVA cell bodies and the gastric mucosa. An in vitro GVA preparation was 

used to assess the effect of methanandamide (mAEA) on tension sensitive GVAs and the 

second messenger pathways involved.  

In individual GVA cell bodies, cannabinoid 1 (CB1) and ghrelin (GHSR) receptor mRNA 

was higher in HFD- compared to SLD-mice. Conversely, gastric mucosal AEA and 

ghrelin protein levels were lower in HFD- compared to SLD-mice. In SLD-mice, mAEA 

exerted dose-dependent inhibitory and excitatory effects on tension sensitive GVAs. Only 

an inhibitory effect of mAEA was observed in HFD-mice. The excitatory effect of mAEA 

was dependent on CB1, transient receptor potential vanilloid 1 (TRPV1) and protein 

kinase C. Conversely, the inhibitory effect was dependent on CB1, GHSR, TRPV1, and 

protein kinase A.  

Endocannabinoids, acting through CB1 and TRPV1, have a pivotal role in modulating 

GVA satiety signals depending on the second messenger pathway utilised. In HFD-mice 

only an inhibitory effect was observed. These changes may contribute to the development 

and/or maintenance of obesity. 
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Introduction 

Obesity generally occurs due to energy intake exceeding energy expenditure. Globally it 

is a major health issue with rates almost tripling since 1980 and continuing to rise [488]. 

Although there are pharmacological interventions many have unwanted side effects [88, 

489]. In order to minimise these side effects attention has focused on the peripheral 

control of appetite. 

Gastrointestinal vagal afferents are important for relaying peripheral signals generated by 

food related stimuli to the hindbrain [204] where they are processed eventually leading to 

meal termination. In the stomach there are two types of  gastric vagal afferents (GVAs), 

mucosal and tension receptors [460]. Mucosal receptors respond to contact with the 

gastric epithelia and are thought to be involved in nausea [217] and gastric emptying 

[205]. Tension receptors respond to stretch or distension of the gastric wall and are 

involved in the generation of satiety signals which ultimately terminate a meal [204]. In 

obesity the response of tension sensitive GVAs to stretch is reduced [223], which may 

contribute to the development or maintenance of obesity through dampened satiety 

signalling. The reduced sensitivity of tension receptors may be due to transient receptor 

potential vanilloid 1 (TRPV1) ion channels which are present in GVAs [235].  

TRPV1 is a non-selective cation channel and its activation is associated with a reduction 

in food intake [434, 473], an effect lost in obese conditions [434]. This is complicated by 

TRPV1 interactions with appetite regulating substances such as the endocannabinoid 

anandamide (AEA) and ghrelin. AEA and its receptor, cannabinoid 1 (CB1) receptor, can 

inhibit or excite TRPV1 depending on the secondary messenger pathways activated [447], 
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Further, the ghrelin receptor, growth hormone secretagogue receptor (GHSR), can 

interact with TRPV1 [441], although the mechanisms are unclear. 

TRPV1, CB1, and GHSR are expressed on vagal afferents [177, 235], and AEA and 

ghrelin are produced in the stomach [351, 484]. In GVAs, the stable analogue of AEA, 

methanandamide (mAEA) has concentration dependent inhibitory and excitatory effects 

on the mechanosensitivity of tension receptors [490]. These effects are dependent upon 

CB1, TRPV1, and GHSR. At low concentrations, mAEA binds to CB1 expressed in 

gastric ghrelin cells to increase ghrelin secretion [249]. Ghrelin then binds GHSR on 

GVA endings to decrease tension receptor mechanosensitivity via a TRPV1 dependent 

mechanism [490]. Conversely, at higher concentrations, mAEA increases the 

mechanosensitivity of tension sensitive GVAs either by direct intracellular binding and 

activation of TRPV1, or activating TRPV1 via a CB1-dependent protein kinase C (PKC) 

pathway [490]. The impact of high fat diet (HFD)-induced obesity on these inhibitory and 

excitatory effects of mAEA is not known. 

Using an in vitro electrophysiology preparation this study aimed to determine the role of 

CB1, GHSR, and TRPV1 in the regulation of GVA satiety signals by mAEA in lean and 

HFD-induced obese mice. It is hypothesised that in HFD-induced obesity the inhibitory 

effect of mAEA on tension sensitive GVA mechanosensitivity will become dominant. 
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Ethical Approval 

This study was approved by the animal ethics committee of the South Australian Health 

and Medical Research Institute (SAHMRI), and carried out in accordance with the 

Australian code for the care and use of animals for scientific purposes, 8th edition 2013 

and the ARRIVE guidelines [475].  

Animals 

Seven week old C56BL/6 male mice (N=104) were housed in littermates of 3-4. After 

one week acclimatisation, mice were randomly assigned to either a standard laboratory 

diet (SLD; 12% energy from fat; N=53) or HFD (60% energy from fat; N=51) for twelve 

weeks. All mice were housed under a 12:12hr light:dark cycle with ad libitum access to 

their respective diet and water unless otherwise stated.  

Retrograde tracing studies 

This procedure has been described in detail previously [223]. In short, mice were fasted 

for two hours before being anaesthetised with 3% isofluorane in 1-1.5% oxygen prior to 

a midline abdominal laparotomy. The stomach was exteriorised and multiple (x10) 

equally spaced injections (1µL) of Alexa Fluor® 555 conjugate of cholera toxin β-subunit 

(C22843; ThermoFisher Scientific, Australia) were made under the serosal layer. The 

laparotomy was closed and mice were given analgesia (buprenorphine, 0.1mg/kg) and 

antibiotics (baytril, 10mg/kg).  

Two days after the procedure mice were humanely killed via CO2 inhalation (fill rate of 

30%; QuietekTM CO2 induction system, Next Advance, USA) and nodose ganglia were 

bilaterally dissected and prepared for single cell PCR.  
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Cell culture 

This procedure has been described in detail previously [455]. In short, retrogradely traced 

nodose ganglia were bilaterally dissected and placed immediately in ice cold F12 

solution. The nodose were then incubated for 30 minutes at 37°C with 12mg 

collagenase/14mg dispase in 3mL Hanks Balance Salt Solution (HBSS; 14170112; 

ThermoFisher Scientific, Australia) and then incubated for 10 minutes at 37°C with 12mg 

collagenase in HBSS. Nodose ganglia were then mechanically sheared using a fire 

polished glass pipette, washed in ice cold HBSS and then diluted to approximately 1 cell 

per 1µL. 

1µL of cell suspension was then pipetted onto a thin piece of glass (approx. 5mm2) and 

examined for the presence of a single fluoresced cell under an epifluorescence microscope 

(BX-51, Olympus, Australia) equipped with a filter for Alexa Fluor 568. The glass was 

then examined under a brightfield (BX-51, Olympus, Australia) to confirm no non-

fluoresced cells were present, and then placed in a Single Cell Lysis/Dnase 1 solution 

(10µL) (provided in Single Cell-CT™ Kit; 4458235; Life Technologies, Australia) for 5 

minutes at room temperature. A stop solution (1µL) (provided in Single Cell-CT™ Kit; 

4458235; Life Technologies, Australia) was added for 2 minutes and then the samples 

were stored at -20°C until required. 

Single Cell PCR of gastric traced vagal afferent cell bodies 

Using a Single Cell-CTTM Kit (4458235; Life Technologies, Australia), single cell qRT-

PCR was performed on lysed retrogradely traced single nodose cells as per manufacturers 

protocol. Pre-designed Taqman gene expression assays obtained from Life Technologies 

(Australia) were chosen to measure the mRNA expression and co-expression of TRPV1 
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(mm01246300_m1), CB1 (mm01212171_s1), GHSR (mm00616415_m1), and fatty acid 

amide hydrolase (FAAH; enzyme for AEA breakdown; mm00515684_m1) in traced 

tension sensitive GVA cell bodies of SLD and HFD mice. Class 3 beta-tubulin (Tubb3; 

mm00727586_m1), Peptidylprolyl Isomerase A (PPIA; mm00620857_s1), 

Hypoxanthine-phosphoribosyltransferase (HPRT; mm03024075_m1), beta-2-

microglobulin (B2M; mm00437762_m1) and beta- actin (ActB; mm02619580_g1) were 

tested as potential housekeeping genes. B2M and ActB were chosen based on stability 

across all samples determined from NormFinder software (stability value of B2M and 

ActB = 0.102). Relative mRNA levels were calculated using the 2ΔCT method [456]. 

qRT-PCR of the gastric mucosal layer 

Stomach scrapings were obtained from half of the stomach during dissection for the vagal 

afferent electrophysiology preparation, snap frozen in liquid nitrogen and stored at -80°C. 

RNA was extracted using a Purelink RNA minikit (12183018A; Invitrogen, 

ThermoFisher Scientific) following a standard protocol for 50 mg of tissue. RNA levels 

were determined with a NanoDrop LITE spectrophotometer (ThermoFisher Scientific), 

and quality was at 260nm/280nm absorbance (A260/A280). 

qRT-PCR was performed using an Express One-Step Superscript qRT-PCR Universal kit 

(11781200; Invitrogen, ThermoFisher Scientific) and 7500 Fast Real-Time PCR system 

(Applied Biosystems, ThermoFisher Scientific). Pre-designed Taqman gene expression 

assays obtained from Life Technologies (Australia) were chosen to measure mRNA 

expression of FAAH (mm00515684_m1), N-acyl phosphatidylethanolamine 

phospholipase D (NAPE-PLD; enzyme for AEA synthesis; mm00724596_m1), CB1 

(mm01212171_s1), and ghrelin O-acyltransferase (GOAT; mm01200389_m1) in gastric 
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cells. PPIA, HPRT, ActB, B2M were tested as potential housekeeping genes. PPIA, 

HRPT, and ActB were chosen based on stability across all samples determined from 

NormFinder software (stability value = 0.098) (Department of Molecular Medicine 

(MOMA), Aarhus University Hospital, Denmark). Relative mRNA levels were calculated 

using the 2ΔCT method [456].  

Gastric protein levels of AEA, FAAH, and ghrelin 

Stomach scrapings were obtained from half of the stomach during dissection for the vagal 

afferent electrophysiology preparation, snap frozen in liquid nitrogen and stored at -80°C. 

Gastric AEA and FAAH levels were determined using Enzyme-linked immunosorbent 

assay (ELISA) kit for anandamide (CEO440Ge; Cloud-Clone Corp., USA) and FAAH 

(abx389255; Abbexa Ltd. UK), and quantified via colorimetry at 450nM using a 

VersaMax ELISA microplate reader (Molecular Devices).  

Total gastric ghrelin was extracted by boiling the stomach scrapings for 10 minutes, 

followed by rapid homogenisation in a solution of protease inhibitors (5892791001; 

Merck Millipore) and 6% acetic acid [491]. Total gastric levels were then determined 

using an ELISA kit for ghrelin (EZRGRA-90K; Merck Millipore, USA) and quantified 

via colorimetry at 450nM and 590nM using a VersaMax ELISA microplate reader 

(Molecular Devices).  

In vitro gastric vagal afferent preparation 

This preparation has been described in detail previously [215]. In brief, mice were 

anaesthetised with 5% isofluorane, exsanguinated, and decapitated. The oesophagus, 

stomach, and attached vagal nerves were removed, opened longitudinally, and placed 

mucosal side up in an organ bath containing a modified Krebs solution (in mM: 118.1 
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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 nifedipine, bubbled with 95% O2- 5%CO2) at 34°C.  

The vagal nerves were threaded through a barrier into a liquid paraffin chamber for 

electrical isolation. They were then desheathed and split into smaller nerve bundles (10-

15 bundles). The nerve bundles were then placed individually on a platinum electrode for 

recording.  

Gastric vagal afferent subtypes 

Whilst there are two types of mechanosensitive GVAs, mucosal and tension [460], the 

focus of the current study was on tension sensitive GVAs as they are known to be 

modulated by mAEA whereas mucosal receptors were unresponsive [490].  

The location of a tension sensitive GVA was first determined broadly by brushing the 

stomach, then specifically using a 200mg calibrated von Frey hair. The response of 

tension sensitive GVAs to stretch was determined using a cantilever system. A hook and 

thread was underpinned in close proximity to the receptive area, and attached to a 

cantilever with weights on the opposite end. A standard weight (3g) was attached to the 

cantilever for 1 minute with the mean number of nerve impulses per second being used 

for analysis.  

Effect of methanandamide on mechanosensitivity of gastric vagal afferents 

After measuring the baseline sensitivity of a tension sensitive GVA, 1nM of mAEA was 

added to the Krebs super infusion and allowed to equilibrate for 20 minutes to allow full 

penetration of the tissue. The mechanosensitivity of the tension sensitive GVA was then 

re-determined. This process was repeated with increasing concentrations of mAEA (10, 

100, and 300nM). 
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To determine the secondary messenger pathways used by mAEA, and changes in these 

pathways between diets, antagonists of CB1 (rimonabant 300nM [450]), GHSR (YIL-

781 300nM [462]) TRPV1 (AMG9810 30nM [461]), Gαi/o (NF023 300nM [463]), Gαq 

(YM-254890 100nM [464]), PKA (PKA inhibitor fragment (6-22) amide (PKA-IFA 5nM 

[465]), and PKC (bisindolylmaleimide-II (BIS-II) 10nM [466]) were used.  

First the baseline effect of mAEA on GVA mechanosensitivity was determined, followed 

by a 20 minute washout and antagonist equilibration. GVA mechanosensitivity was then 

re-determined and then the antagonist in combination with 1nM mAEA was added for 20 

minutes and GVA mechanosensitivity was re-determined. This was repeated with 

increasing concentrations of mAEA (10, and 100nM) followed by a final washout. 

Drugs 

Stock solutions of mAEA, rimonabant (1µM), AMG9810 (300nM) and BIS-II (100nM) 

were made using absolute ethanol. Stock solutions of NF023 (1µM), YM-254890 (1µM), 

and YIL-781 (1µM) were made using Krebs solution. All drugs were stored at -20°C and 

diluted to final concentrations in Krebs the day prior to experiments. mAEA (M186), 

rimonabant hydrochloride (SML0800), AMG9810 (A2731), BIS-II (B3056), and PKA-

IFA (P6062) were obtained from Sigma Aldrich (Australia). NF 023 (1240/10) was 

obtained from In Vitro Technologies (Australia). YM-254980 (AG-CN2-0509-M001) 

was obtained from Sapphire Biosciences (Australia). 

Data analysis 

All data is presented as the mean ± the standard deviation (SD) and was analysed using 

GraphPad Prism software (version 8). Data relating to gonadal fat, PCR, and gastric 

peptides were analysed using an unpaired t-test. Data relating to weight gain and 
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electrophysiology was analysed using a two-way ANOVA with a Tukey post hoc test. P-

values less than or equal to 0.05 were deemed significant. 
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Results 

HFD mice gained more weight than SLD mice 

Weight gain and gonadal fat pad mass are illustrated in figure 1. Mice fed a HFD gained 

significantly more weight than mice fed a SLD (Figure 1A; SLD 9.27 ± 2.72g, HFD 21.45 

± 3.18g, P<0.0001, diet effect F(1, 1326) =2087)). Gonadal fat pad mass was significantly 

increased in HFD-mice compared to SLD-mice (Figure 1B; SLD 2.43 ± 0.41% of body 

weight, HFD 6.36 ± 1.03% of body weight; P<0.0001, t = 22.15, df = 99).  

 

 

Figure 1: High fat diet fed mice gained more weight and adiposity than standard 

laboratory diet fed mice. (A) Weekly weight gain of mice fed either a standard 

laboratory diet (SLD; N=53) or high fat diet (HFD; N=51). (B) Gonadal fat as percentage 

of body weight in SLD- and HFD-mice after 12 weeks on their respective diet. Data are 

expressed as the mean ± SEM. * P<0.0001 vs SLD-mice (A: Two way ANOVA, Sidak’s 

post hoc test; B: Unpaired t-test). 
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Tension sensitive GVA cell bodies express TRPV1, CB1, GHSR, and the enzyme 

responsible for breakdown of AEA, fatty acid amide hydrolase (FAAH) mRNA 

Retrograde tracing studies were performed to identify tension sensitive GVA cell bodies 

in nodose ganglia for single-cell QT-RT PCR. The relative expression of TRPV1, CB1, 

GHSR, and FAAH mRNA in individual GVA cell bodies is illustrated in figure 2. 

TRPV1, CB1, GHSR, and FAAH were expressed in traced tension sensitive GVA cell 

bodies of SLD-mice. In HFD-mice the expression of CB1 (P<0.0001, t = 5.344, df = 94), 

GHSR (P<0.0001, t = 5.730, df = 94), and FAAH (P<0.0001, t = 5.838, df = 94) were 

significantly increased compared to SLD-mice (Figure 2A). 

In SLD-mice all traced cell bodies expressed either: TRPV1 and FAAH (10% of traced 

cells), CB1, GHSR, and FAAH (6% of traced cells), or TRPV1, CB1, GHSR, and FAAH 

(84% of traced cells). In contrast, in HFD-mice all traced cell bodies expressed TRPV1, 

CB1, GHSR, and FAAH (100% of traced cells; Figure 2B).  

 

 

Figure 2: The expression of CB1, GHSR, and FAAH are increased in retrogradely 

traced gastric vagal afferent neurons of high fat diet fed mice. (A) The mRNA 

expression of transient receptor potential vanilloid 1 (TRPV1), cannabinoid receptor 1 
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(CB1), growth hormone secretagogue receptor (GHSR), and fatty acid amide hydrolase 

(FAAH) in retrogradely traced tension sensitive gastric vagal afferent (GVA) cell bodies 

of standard laboratory diet (SLD) and high fat diet (HFD) fed mice. (B) The co-expression 

of TRPV1, CB1, GHSR, and FAAH mRNA in single retrogradely traced tension sensitive 

GVA cell bodies of SLD- and HFD-mice. N = 5 mice per diet, 10 random GVA cell 

bodies per mouse. Data are expressed as the mean ± SEM. * P<0.0001 vs SLD-mice 

(Unpaired t-test). 

 

Gastric mucosal anandamide and ghrelin levels are decreased and FAAH levels 

increased in HFD-induced obese mice 

Gastric mucosal scrapings were used to determine the expression of AEA and ghrelin 

related mRNA and protein. 

Gastric mucosal levels of FAAH, CB1, N-acyl phosphatidylethanolamine phospholipase 

D (NAPE-PLD; enzyme for AEA synthesis) and ghrelin O-acyltransferase (GOAT; 

enzyme for ghrelin activation) mRNA, and AEA, FAAH, and ghrelin protein are 

illustrated in figure 3. FAAH, CB1, NAPE-PLD, and GOAT mRNA were expressed in 

the gastric mucosa from SLD-mice. Gastric mRNA content of NAPE-PLD and GOAT 

was similar between SLD- and HFD-mice, however FAAH and CB1 mRNA content was 

significantly increased in HFD-mice compared to SLD-mice (FAAH; P=0.0001, t = 

6.118, df = 10), CB1; P=0.0006, t = 4.923, df = 10) (Figure 3A). 

Gastric mucosal AEA protein content was significantly reduced (P<0.0001; t = 12.43, df 

= 10), whilst FAAH protein content was significantly increased (P<0.0001; t = 14.48, df 

= 10) in HFD-mice compared to SLD-mice. Total gastric ghrelin protein was significantly 
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decreased in HFD-mice compared to SLD-mice (Figure 3B) (P<0.0001; t = 8.026, df = 

10). 

 

Figure 3: The mRNA expression of FAAH and CB1 is increased whilst the 

expression of AEA and ghrelin peptide is decreased in the gastric mucosa of high fat 

diet-induced obese mice. (A) The mRNA expression of N-acyl 

phosphatidylethanolamine specific phospholipase D (NAPE-PLD), fatty acid amide 

hydrolase (FAAH), cannabinoid receptor 1 (CB1), and ghrelin O acyl transferase 

(GOAT) in stomach scrapings of standard laboratory diet (SLD) and high fat diet (HFD) 

fed mice. (B) Gastric content of anandamide (AEA), FAAH, and ghrelin from stomach 

scrapings of SLD- and HFD-mice. N = 6 mice per diet. Data are expressed as the mean ± 

SEM. * P<0.001, ** P<0.0001 vs SLD-mice (Unpaired t-test). 

 

Sensitising effect of methanandamide is lost in HFD mice 

During electrophysiology mAEA was super infused to determine its effects on the 

mechanosensitivity of tension sensitive GVAs in SLD- and HFD-mice (Figure 4). 
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The mechanosensitivity of tension GVAs to stretch in the absence of mAEA was 

significantly reduced in HFD-mice compared to SLD-mice (P<0.0001) (Figure 4A, B, Ci 

and D). After exposure to 1nM mAEA the mechanosensitivity of tension sensitive GVAs 

to stretch was significantly reduced to a similar degree in both SLD- (P<0.0001) and 

HFD-mice (P=0.0035; Figure 4A, B, Cii & Dii). 10nM mAEA had no significant effect 

on tension sensitive GVA mechanosensitivity in SLD-mice but significantly reduced 

mechanosensitivity in HFD-mice (P=0.044). In the presence of 100nM mAEA the 

mechanosensitivity of tension sensitive GVAs to stretch was significantly increased in 

SLD-mice (P<0.0001) but significantly reduced in HFD-mice (P=0.008) (Figure 4A, B, 

Ciii and Diii) (mAEA effect (P<0.0001 F=(4, 60)29.98, diet effect (P<0.0001 F(1, 

60)=198.2, and an interaction (P<0.0001 F(4, 60)=29.46). Infusion of 300nM mAEA had 

no significant effect on tension sensitive GVA mechanosensitivity in either SLD- or 

HFD-mice (Figure 4A and B). 
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Figure 4: The excitatory effect of methanandamide on gastric vagal afferents is lost 

in high fat diet fed mice. (A) The response of tension sensitive gastric vagal afferents 

(GVAs) to circumferential stretch (3g) before and after the addition of methanandamide 

(mAEA) in standard laboratory diet (SLD) and high fat diet (HFD) fed mice. N = 6-8 

mice per concentration. Data are expressed as the mean ± SEM. *P<0.0001 vs SLD 
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control, #P<0.05 vs HFD control (Two way ANOVA, Sidak’s post hoc test). (B) 

Percentage change of tension sensitive GVAs in response to circumferential stretch (3g) 

when exposed to mAEA compared to the control of SLD- or HFD-mice. Data are 

expressed as the mean ± SEM. * P<0.0001 vs SLD at the same concentration of mAEA 

(Two way ANOVA, Sidak’s post hoc test). (C) Original recording of a tension sensitive 

GVA response to circumferential stretch (3g) from a SLD fed mouse (i) before and after 

the addition of (ii) 1nM or (ii) 100nM mAEA. (D) Original recording of a tension 

sensitive GVA response to circumferential stretch (3g) from a HFD fed mouse (i) before 

and after the addition of (ii) 1nM or (ii) 100nM mAEA.  

 

The effects of mAEA are mediated by CB1 and TRPV1 

To investigate the CB1 and TRPV1 dependent effects of mAEA signalling mAEA was 

used alone or in combination with a CB1 (rimonabant) or TRPV1 (AMG9810) antagonist 

(Figure 5). 

Rimonabant alone (300nM) had no significant effect on the mechanosensitivity of tension 

sensitive GVAs in either SLD- or HFD-mice (Figure 5Ai and Bi). In SLD-mice, the 

inhibitory effect of 1nM mAEA was lost (P<0.0001) and the excitatory effect of 100nM 

mAEA was reduced in the presence of rimonabant (300nM) (Figure 5Ai; mAEA effect 

(P<0.0001 F(3, 40)=43.21), antagonist effect (P=0.015 F(1, 40)=6.465), and an 

interaction (P<0.0001 F(3, 40)=17.56)). In HFD-mice, the inhibitory effect of mAEA at 

1nM (P<0.0001), 10nM (P<0.0001), and 100nM (P<0.0001) mAEA was lost in the 

presence of rimonabant (300nM; Figure 5Bi; mAEA effect (P<0.0001 F(3, 56)=11.24), 
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antagonist effect (P<0.0001 F(1, 56)=182.4), and an interaction (P<0.0001 F(3, 

56)=17.95)). 

AMG9810 (30nM) alone had no significant effect on the mechanosensitivity of tension 

sensitive GVAs in either SLD- or HFD-mice (Figure 5Aii and Bii). In SLD-mice the 

inhibitory effect of 1nM mAEA (P=0.0002) and the excitatory effect of 100nM mAEA 

(P<0.0001) were lost in the presence of AMG9810 (30nM; Figure 5Bi; mAEA effect 

(P<0.0001 F(3, 40=19.17), antagonist effect (P<0.001 F(1, 40)=8.024), and an interaction 

(P<0.0001 F(3, 40)=19.01)). In HFD-mice the inhibitory effects of 1nM (P<0.0001), 

10nM (P=0.0003), and 100nM (P<0.0001) mAEA were lost in the presence of AMG9810 

(30nM; Figure 5Bii; mAEA effect (P<0.0001 F(3, 56)=17.53), antagonist effect 

(P<0.0001 F(1, 56)=102.9), and an interaction (P<0.0001 F(3, 56)=14.24)). 
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Figure 5: The response of gastric vagal afferents to methanandamide are mediated 

by CB1 and TRPV1. The response of tension sensitive gastric vagal afferents (GVAs) 

to 3g circumferential stretch in (A) standard laboratory diet (SLD) or (B) high fat diet 

(HFD) fed mice in the absence and presence of methanandamide (mAEA) alone or in 

combination with (i) a CB1 antagonist (rimonabant hydrochloride; 300nM) or (ii) a 

TRPV1 antagonist (AMG9810; 30nM). N = 6-8 mice per antagonist. Data are expressed 

as the mean ± SEM. *P<0.0001 vs mAEA (0nM), #P<0.001, ##P<0.0001 vs mAEA alone 

at same concentration (Two way ANOVA, Sidak’s post hoc test). 
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The inhibitory effects of mAEA is mediated by Gαi/o, PKA, and GHSR pathways  

To investigate the Gαi/o, PKA, and GHSR dependent effects of mAEA signalling mAEA 

was used alone or in combination with either a Gαi/o (NF023), PKA (PKA-IFA), or GHSR 

(YIL-781) antagonist (Figure 6). 

Infusion of NF023 (300nM) alone had no significant effect on the mechanosensitivity of 

tension sensitive GVAs in either SLD- or HFD-mice (Figure 6Ai and Bi). In SLD-mice, 

the inhibitory effect of 1nM mAEA was lost (P<0.0001) whilst the excitatory effect of 

100nM mAEA remained in the presence of NF023 (300nM; Figure 6Ai; mAEA effect 

(P<0.0001, F(3, 40)=147.1), antagonist effect (P=0.0002, F(1, 40)=17.81), and an 

interaction (P<0.0001, F(3, 40)=9.913)). In HFD-mice, the inhibitory effect of mAEA (1-

100nM) was lost in the presence of NF023 (300nM; Figure 6Bi; mAEA effect (P<0.0001, 

F(3, 56)=10.46), antagonist effect (P<0.0001, F(1, 56)=35.05), and an interaction 

(P=0.007, F(3, 56)=4.385)). 

PKA-IFA (5nM) alone had no significant effect on the mechanosensitivity of tension 

sensitive GVAs in either SLD- or HFD-mice (Figures 6Aii and Bii). In SLD-mice, the 

inhibitory effect of 1nM mAEA was lost (P=0.0032) whilst the excitatory effect of 100nM 

mAEA remained in the presence of PKA-IFA (5nM; Figure 6Aii; mAEA effect 

(P<0.0001, F(3, 40)=37.34), antagonist effect (P=0.011, F(1, 40)=7.292), and an 

interaction (P=0.0075, F(3, 40)=4.758)). In HFD-mice, the inhibitory effects of mAEA 

(1-100nM) were lost in the presence of PKA-IFA (5nM; Figure 6Bii; mAEA effect 

(P<0.0001, F(3, 56)=11.45), antagonist effect (P<0.0001, F(1, 56)=138.5), and an 

interaction (P<0.0001, F(3, 56)=16.6)). 
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YIL-781 (300nM) alone had no significant effect on the mechanosensitivity of tension 

sensitive GVAs in either SLD- or HFD-mice (Figures 6Aii and Bii). In SLD-mice, the 

inhibitory effect of 1nM mAEA was lost (P=0.0188) whilst the excitatory effect of 100nM 

mAEA remained in the presence of YIL-781 (300nM; Figure 6Aii; mAEA effect 

(P<0.0001, F(3, 40)=45.16), and antagonist effect (P=0.0103, F(1, 40)=7.442)). In HFD-

mice, the inhibitory effects of mAEA (1-100nM) were lost in the presence of YIL-781 

(300nM; Figure 6Bii; antagonist effect (P<0.0001, F(1, 40)=32.25)).  

 

 

Figure 6: The inhibitory effects of methanandamide on gastric vagal afferent 

mechanosensitivity in SLD and HFD mice are mediated by Gαi/o – PKA – GHSR 

pathways. The response of tension sensitive gastric vagal afferents (GVAs) to 3g 

circumferential stretch in (A) standard laboratory diet (SLD) or high fat diet (HFD) fed 

mice in the absence and presence of methanandamide (mAEA) alone or in combination 
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with (i) a Gαi/o antagonist (NF023; 300nM) or A (ii) protein kinase A (PKA) antagonist 

(PKA-inhibitory fragment (6-22) amide; PKA-IFA; 5nM) or A (iii) growth hormone 

secretagogue (GHSR) antagonist (YIL-781; 300nM). N = 6-8 mice per antagonist. Data 

are expressed as the mean ± SEM. *P<0.0001 vs mAEA (0nM), #P<0.05, ##P<0.0001 vs 

mAEA alone at same concentration (Two way ANOVA, Sidak’s post hoc test). 

 

The excitatory effect of mAEA is mediated by Gαq and PKC 

To investigate the Gαq, and PKC dependent effects of mAEA signalling mAEA was used 

alone or in combination with either a Gαq (YM-254980) or PKC (BIS-II) antagonists 

(Figure 7). 

YM-254890 (100nM) alone had no significant effect on the mechanosensitivity of tension 

sensitive GVAs in SLD-mice (Figure 7A). This antagonist was not used in HFD-mice as 

there was no excitatory effect of mAEA present. In SLD-mice, the inhibitory effect of 

1nM mAEA remained whilst the excitatory effect of 100nM mAEA was reduced in the 

presence of YM-254980 (100nM; Figure 7A; mAEA effect (P<0.0001, F(3, 40)=140.3), 

antagonist effect (P=0.0134, F(1, 40)=6.701), and an interaction (P=0.0037, F(3, 

40)=5.271)).  

BIS-II (10nM) alone had no significant effect on the mechanosensitivity of tension 

sensitive GVAs in SLD-mice (Figure 7B). This antagonist was not used in HFD-mice as 

there was no excitatory effect of mAEA present. In SLD-mice, the inhibitory effect of 

1nM mAEA remained whilst the excitatory effect of 100nM mAEA was reduced in the 

presence of BIS-II (10nM; Figure 7B; mAEA effect (P<0.0001, F(3, 40)=14.6), 
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antagonist effect (P=0.0005, F(1, 40)=14.6), and an interaction (P<0.0001, F(3, 

40)=9.739)).  

 

 

Figure 7: The excitatory effects of methanandamide on gastric vagal afferent 

mechanosensitivity in SLD mice is mediated by a Gαq – PKC pathway. The response 

of tension sensitive gastric vagal afferents to 3g circumferential stretch in the absence and 

presence of methanandamide (mAEA) alone or in combination with (A) a Gαq antagonist 

(YM254890; 100nM) or (B) a protein kinase C (PKC) antagonist (BIS-II; 10nM). N=6-8 

SLD- mice per antagonist. Data are expressed as the mean ± SEM. *P<0.0001 vs mAEA 

(0nM), #P<0.001, ##P<0.0001 vs mAEA alone at same concentration (Two way ANOVA, 

Sidak’s post hoc test). 
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Discussion 

The current study demonstrates that expression and co-expression of CB1, GHSR, 

TRPV1, and FAAH in tension sensitive GVAs are increased in HFD-induced obese mice. 

Further, this study also demonstrates that the dual inhibitory and excitatory effect of 

mAEA on tension sensitive GVA mechanosensitivity in SLD-mice is lost in HFD-

induced obese mice where only inhibitory effects are observed. 

The co-expression of CB1, TRPV1, GHSR, and FAAH in GVAs is increased in HFD-

induced obesity 

CB1, TRPV1, GHSR, and FAAH were co-expressed in individual cell bodies of tension 

sensitive GVAs. Further, the expression of CB1, GHSR, and FAAH, and the co-

expression of CB1, TRPV1, GHSR, and FAAH were higher in tension sensitive GVA 

neurons of HFD-mice compared to SLD-mice. The increased expression is consistent 

with a previous study [177] demonstrating that the expression of CB1, GHSR, and FAAH 

are increased in the whole nodose of diet-induced obese rats. It is plausible that the 

increased expression and interaction of these orexigenic factors may contribute to the 

increased meals sizes observed in obesity [232, 492], however, this is highly speculative 

and requires further clarification. 

The presence of FAAH in GVA cell bodies suggest a neural level of endocannabinoid 

regulation. AEA can enter a cell via a transport protein [493], or attached to a CB1 

receptor [288], where it is rapidly degraded by FAAH. In other sensory ganglia, such as 

the dorsal root ganglia, FAAH controls AEA levels [494], however, it is not known if this 

occurs in nodose ganglia. Therefore, further investigation is required. 
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Gastric FAAH is increased while anandamide is decreased in HFD-induced obesity 

Gastric mucosal AEA levels were reduced in HFD-induced obese mice consistent with a 

previous study which demonstrated decreased gastric AEA levels in diet-induced obese 

rats [351]. In contrast, FAAH levels were increased in the gastric mucosa of HFD-mice 

compared to SLD-mice. FAAH rapidly hydrolyses AEA upon entry into the cell [310] 

and its levels are negatively correlated with AEA levels [309]. Therefore, as expression 

of NAPE-PLD, an enzyme involved in biosynthesis of AEA [307], was similar between 

lean SLD-mice and HFD-induced obese mice, it is likely that the increased FAAH is 

responsible for the decreased gastric AEA levels in the HFD-induced obese mice. The 

mechanisms that drive the increased levels of FAAH in obesity are unknown. It has been 

demonstrated that the adipokine leptin activates the FAAH promotor in human T 

lymphocytes [344]. Circulating leptin levels are known to be increased in obesity [97] 

and,  therefore, it could contribute to the increased FAAH levels observed in the gastric 

mucosa. However, this requires further investigation as it is highly speculative and does 

not take into account leptin resistance observed in obesity [495].  

Consistent with a previous study [351] gastric concentrations of AEA were in the low 

nanomolar range. However, this is a mean concentration obtained from homogenised 

gastric mucosa and, therefore, the concentration of AEA at the gastric vagal afferent 

ending could be much higher and requires further investigation.  

Excitatory effect of methanandamide on gastric vagal afferent sensitivity is lost in diet 

induced obesity 

In lean SLD-mice mAEA elicited concentration-dependent inhibitory and excitatory 

effects on the mechanosensitivity of tension sensitive GVAs. This is consistent with a 
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previous study in younger male mice [490], suggesting a consistency regardless of age. 

However, the mice in the current study were still relatively young (20 weeks old) and 

therefore studies in aged mice are required to confirm this. The dual inhibitory and 

excitatory effect of mAEA was replaced with a single inhibitory effect in HFD-induced 

obese mice regardless of the concentration of mAEA. Tension sensitive GVAs respond 

to stretch of the gastric wall [460] which eventually produce feelings of fullness and 

satiety [214]. Concentrations of AEA are dependent on the type of tissue and the time of 

day. For example, hippocampal AEA is increased during the active phase and decreased 

during resting phases [496], whilst hypothalamic AEA is decreased during the active 

phase and increased during the inactive phase [497]. It is plausible that in lean SLD-mice 

the inhibitory effect of mAEA at low concentrations and excitatory effect of mAEA at 

high concentrations may contribute to the diurnal patterns in tension sensitive GVA 

mechanosensitivity and food intake previously reported [224]. Further, in diet-induced 

obesity diurnal rhythms in GVA mechanosensitivity and food intake are lost [225]. It is 

plausible that this is due to the loss in excitatory effect of mAEA observed in HFD-

induced obese mice. However, it is currently not clear whether gastric endocannabinoids 

are regulated by or if they themselves can regulate circadian rhythms [315] or whether 

this is altered in HFD-induced obesity and, therefore, this requires further investigation. 

The effects of methanandamide are dependent on CB1 and TRPV1 

The inhibitory and excitatory effects of mAEA, in SLD-mice, were dependent on CB1 

and TRPV1. Further, consistent to a previous report [490], antagonism of Gαq or PKC 

reduced the excitatory effect of mAEA at high concentrations, whilst antagonism of 

Gαi/o, PKA or GHSR abolished the inhibitory effect of mAEA.  
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The excitatory effect of mAEA in SLD-mice was blocked by a CB1, TRPV1, or PKC 

antagonist, and was absent in HFD-mice. The loss of the excitatory effect of mAEA in 

HFD-mice could be due to the concentration-response curve for mAEA being shifted to 

the right. However, this is unlikely given that gastric AEA levels were reduced in the 

HFD-mice and, therefore, presumably there was less competition for the receptor 

reducing the probability of a right shift in the concentration-response curve 

In HFD-mice, CB1 receptor expression was increased in GVA cell bodies. In theory, if 

the inhibitory effect is mediated through CB1 receptors on gastric ghrelin cells, there 

should have been an increase in CB1 signalling at the GVA ending with a subsequent 

increase in the excitatory response to mAEA. However, this was not observed in the 

current study. In addition to the increased CB1 expression in GVAs, there was an increase 

in CB1 expression in the gastric mucosa and GHSR expression in GVA cell bodies, 

therefore, it is possible that this inhibitory pathway dominates over the excitatory 

pathway. It has been shown that CB1 and GHSR are co-dependent for functionality [336, 

479]. Therefore, the increased CB1 expression in HFD-mice may contribute to the 

increased GHSR expression in GVA cell bodies contributing to the dominant inhibitory 

pathway.  

PKC sensitises TRPV1 [397, 413] which may contribute to the increased 

mechanosensitivity observed in the presence of high concentrations of mAEA. Knockout 

of PKC in proopiomelanocortin neurons has been shown to predispose mice to obesity 

[498]. Mice with total PKC knockouts also exhibit hyperphagic behaviour, consuming 

20% more food compared to wild-type mice [499]. Further, in skeletal muscle tissue of 

diet-induced obese mice, the stimulatory effects of insulin on PKC activity was about half 

of what was observed in lean mice [500]. In contrast, in adipose tissue of diet-induced 
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obese mice PKC activity is increased [501], suggesting the effects of obesity on PKC 

activity may be tissue specific. Therefore, further investigation is required to determine 

PKC activity in vagal afferents and how this may relate to the observed change in mAEA 

signalling in vagal afferents of diet-induced obese mice. 

In the current study, mAEA inhibited tension sensitive GVA mechanosensitivity in a 

CB1, TRPV1, and PKA-dependent manner in both lean SLD-mice and HFD-induced 

obese mice. In dorsal root ganglia neurons, CB1 can inhibit PKA to desensitise TRPV1 

[447]. It is possible that the same occurs in vagal afferent neurones. However, 

theoretically antagonism of TRPV1 or PKA alone should reduce GVA sensitivity. This 

was not observed, suggesting other signalling molecules are involved. AMG9180 

prevents the binding of ligands to TRPV1 without necessarily having any effect on 

TRPV1 activity when used alone [502]. When combined with AMG9810 the inhibitory 

effect of mAEA was lost possibly due to prevention of the inhibitory secondary 

messenger pathway. Inhibition of this inhibitory pathway would suggest possible 

constitutive activity. However, this is highly speculative and requires further 

investigation. 

PKA signalling during obesity appears to be tissue specific with reports that myocardial 

PKA activity does not change [503], and that hypothalamic PKA activity decreases [504]. 

Therefore, further studies are required to determine PKAs exact involvement in mAEA’s 

effects on GVA mechanosensitivity and how this changes in obesity. 

The inhibitory effect of mAEA in SLD- and HFD-mice was blocked by a GHSR 

antagonist suggesting mAEA effects are mediated via ghrelin. Ghrelin secretion from 

gastric cells is partially mediated by AEA [249] and ghrelin can decrease tension sensitive 
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GVA mechanosensitivity to a similar degree in SLD- and HFD-mice [167, 220]. Gastric 

ghrelin secretion is typically reduced in HFD-induced obesity [505]. It has been 

demonstrated that inhibition of CB1 receptors decreased ghrelin production through 

activation of the mTOR pathway [249]. Therefore, the reduced AEA levels observed in 

HFD-induced obese mice could be driving the decreased gastric ghrelin levels observed 

in the current study. Nonetheless, GHSR expression on GVAs is increased [177], perhaps 

in an attempt to maintain or increase signalling during low gastric ghrelin concentrations. 

Therefore, increased gastric ghrelin production and secretion through endogenous 

application of mAEA may subsequently act on the elevated levels of GVA GHSRs to 

induce inhibition. However, a more detailed study on the role of ghrelin in mAEA 

signalling is required. Further, GHSR has very high constitutive activity [485], therefore, 

although it is likely that CB1 mediated ghrelin release from gastric mucosal cells is acting 

on GHSR on GVA endings, blocking GHSR may impact on the CB1 response 

independent of ghrelin release. 

GHSR predominantly couples to Gαq in most tissues, however, the current study suggests 

that in GVA endings it may couple to Gαi/o. This is supported by previous evidence 

indicating that GHSR signals via Gαi/o in vagal afferent cell bodies [486]. However, it 

should be noted that this study was performed in whole nodose ganglia, and not specific 

subpopulations and, therefore, the role of Gαi/o in GHSR signalling in GVAs requires 

further investigation. 

In conclusion, the current study demonstrates that the dual effects of mAEA on the 

mechanosensitivity of tension sensitive GVAs in lean SLD-mice is lost in HFD-induced 

obesity. Further investigation is required to understand how this may relate to food intake. 
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Abstract 

Background: Ghrelin and anandamide (AEA) can regulate the sensitivity of gastric vagal 

afferents (GVAs) to stretch, an effect mediated via the transient receptor potential 

vanilloid 1 (TPRV1) channel. High fat diet (HFD)-induced obesity alters the modulatory 

effects of ghrelin and AEA on GVA sensitivity. This may be a result of altered gastric 

levels of these hormones and subsequent changes in the expression of their receptors. 

Therefore, the current study aimed to determine the effects of ghrelin and AEA on vagal 

afferent cell body mRNA content of cannabinoid 1 receptor (CB1), ghrelin receptor 

(GHSR), TRPV1, and the enzyme responsible for the breakdown of AEA, fatty acid 

amide hydrolase (FAAH). 

Methods: Mice were fed a standard laboratory diet (SLD) or HFD for 12wks. Nodose 

ganglia were removed and cultured for 14hrs in the absence or presence of ghrelin or 

methAEA (mAEA; stable analogue of AEA). Relative mRNA content of CB1, GHSR, 

TRPV1, and FAAH were measured. 

Results: In nodose cells from SLD-mice, mAEA increased TRPV1 and FAAH mRNA 

content, and decreased CB1 and GHSR mRNA content. Ghrelin decreased TRPV1, CB1, 

and GHSR mRNA content.  

In nodose cells from HFD-mice, mAEA had no effect on TRPV1 mRNA content, and 

increased CB1, GHSR, and FAAH mRNA content. Ghrelin decreased TRPV1 mRNA 

content and increased CB1 and GHSR mRNA content. 

Conclusions: AEA and ghrelin modulate receptors and breakdown enzymes involved in 

the mAEA gastric vagal afferent satiety signalling pathways. This was disrupted in HFD-

mice, which may contribute to the altered vagal afferent signalling in obesity. 
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Key words: Endocannabinoids, ghrelin, TRPV1, CB1, vagal afferents 

Abbreviations: AEA, anandamide; CB1, cannabinoid 1 receptor; FAAH, fatty acid 

amide hydrolase; GHSR, growth hormone secretagogue receptor; GVA, gastric vagal 

afferent; HBSS, Hank’s balance salt solution; HFD, high fat diet; mAEA, 

methanandamide; NBA, neurobasal A medium; PBS, phosphate buffered saline; SLD, 

standard laboratory diet; TRPV1, transient receptor potential vanilloid 1.  
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1. Introduction 

Vagal afferent nerves innervating the gastrointestinal tract play an important role in the 

short-term regulation of food intake [88]. These nerves respond to both mechanical and 

chemical food related stimuli [214, 460], sending signals to the Nucleus Tractus Solitarius 

which relays information to other regions of the brain such as the Arcuate Nucleus and 

Paraventricular Nucleus, involved in the regulation of food intake [79]. In the stomach 

vagal afferents predominantly respond to mechanical stimuli, such as distension of the 

stomach wall.[204]. The mechanosensitivity of these gastric vagal afferents (GVAs) can 

be modulated by locally released peptides such as leptin [223] and ghrelin [220], secreted 

by gastric endocrine or epithelial cells [170]. 

Recently, it has been demonstrated that meth-anandamide (mAEA), the stable analogue 

of anandamide (AEA), can biphasically modulate the sensitivity of GVAs to stretch with 

inhibition at low and excitation at high concentrations [490]. The inhibitory effect is 

dependent in cannabinoid 1 (CB1) receptors in the gastric mucosa, and ghrelin receptors 

(growth hormone secretagogue receptor; GHSR) and transient receptor potential vanilloid 

1 (TRPV1) ion channels in GVA cell bodies. Conversely, the excitatory effect of mAEA 

is only dependent CB1 receptors and TRPV1 ion channels in GVA cell bodies [490].  

The sensitivity of GVAs to stretch is reduced in diet-induced obesity [234] and may 

contribute to the increased food intake observed in obese individuals [506]. Furthermore, 

in diet-induced obese mice, the inhibitory effect of ghrelin on the mechanosensitivity of 

GVAs to stretch is enhanced [167], and the normal excitatory effect of N-oleoyldopamine 

(TRPV1 agonist) is abolished [235].  
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The mRNA content of CB1 and GHSR, but not TRPV1 [235], in nodose ganglia can be 

influenced by nutritional status. Fasting increases GHSR [167], but not CB1 [471, 507], 

mRNA content whilst diet-induced obesity increases the mRNA content of GHSR and 

CB1 in nodose ganglia [177]. Gastric AEA [351] and circulating ghrelin protein [172] are 

reduced in diet-induced obesity, the former of which is due to increased fatty acid amide 

hydrolase (FAAH) protein, the enzyme involved in AEA degradation [309]. Further, 

ghrelin decreases and increases the mRNA content of GHSR in nodose ganglia from lean 

and diet-induced obese mice respectively [467]. However, it is not known if AEA and 

ghrelin can alter the mRNA content receptors for the endocannabinoid system in vagal 

afferent neurons.  

The current study aimed to determine the effects of mAEA and ghrelin on the mRNA 

content of GHSR, CB1, TPRV1, and FAAH in the nodose ganglia of lean and high fat 

diet (HFD)-induced obese mice.  
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2. Methods 

2.1. Ethics 

This study was approved by the animal ethics committee of the South Australian Health 

and Medical Research Institute, and carried out in accordance with the Australian code 

for the care and use of animals for scientific purposes, 8th edition 2013, and the ARRIVE 

guidelines [475].  

2.2. Animals 

Seven week-old male C57BL/6 mice (N=24) were housed in littermates of 3 for 1 week 

acclimatisation. The mice were then randomly assigned to either a standard laboratory 

diet (SLD: 12% energy from fat, 65% energy from carbohydrates, 23% energy from 

protein; N=12) or HFD (60% energy from fat, 20% energy from protein, 20% energy 

from carbohydrates; N=12) for 12 weeks. During this time all mice were housed in a 

12:12hour light:dark cycle at constant temperature (22°C) with ad libitum access to their 

respective diet and water.  

2.3. Cell Culture 

This method has been described in detail previously [467]. Briefly, after 12 weeks mice 

were humanely culled via CO2 inhalation followed by decapitation. All mice were culled 

between 1200 and 1230hr to minimise circadian variation. The left and right nodose 

ganglia were then immediately removed and placed in ice cold F12 medium containing 

penicillin and streptomycin. The nodose ganglia were then dissociated at 37°C for 30 

minutes in Hanks balanced salt solution (HBSS) containing 3mg/ml collagenase and 

dispase, followed by incubation for 37°C for 15 minutes in HBSS containing 3mg/ml 

collagenase. The cells were then rinsed with ice cold HBSS and F12 followed by further 
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dissociation with a fire polished pipette. Cells were then pelleted and resuspended in 

Neurobasal A (NBA) medium with B-27 supplement. A cell count was performed via 

trypan blue exclusion and cells were plated equally as 10µL dots (~500 cells) in the centre 

of wells coated with poly-D-lysine and laminin. Cells were then incubated at 37°C for 2 

hours. After 2 hours wells were filled with warmed (37°C) NBA medium. Two wells 

were left with just NBA medium to act as controls. NBA/mAEA medium was added to 

other wells where the final concentration of mAEA was 1nM or 100nM. This was 

repeated for 1nM or 3nM of ghrelin.  

The plate was then incubated for 14 hours at 37°C which is sufficient time for hormone 

induced changes in steady state mRNA content in nodose ganglia [467].  

2.4. Quantitative RT-PCR 

Following the 14 hours incubation the culture medium was removed, and the cells were 

washed with cold 1x phosphate buffered saline (PBS). Quantitative RT-PCR was then 

performed using a TaqMan® Gene Expression Cells-to-CT™ Kit (Invitrogen, 

ThermoFisher Scientific, Australia) as per manufacturer’s protocol. Pre-designed 

Taqman® gene expression assays (Life Technologies, Australia) were used to measure 

mRNA levels of TRPV1 (mm01246300_m1), GHSR (mm00616415_m1), CB1 

(mm01212171_s1), and FAAH (mm00515684_m1) in cultured nodose cell bodies from 

SLD and HFD fed mice. Beta-2-microglobulin (B2M; mm00437762_m1) and beta-actin 

(ACTB; mm02619580_g1) were used as housekeeping genes and were chosen based on 

stability across all samples determined from NormFinder software (stability value of 

B2M and ACTB = 0.102) (Department of Molecular Medicine (MOMA), Aarhus 
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University Hospital, Denmark). Relative mRNA content was calculated using the 2ΔCT 

method [456]. 

2.5. Data Analysis 

All data is presented as the mean ± the SEM and was analysed with GraphPad Prism. 

Data relating to gonadal fat mass was analysed using an unpaired t-test. Data relating to 

weight gain, and the effect of mAEA and ghrelin on mRNA content was analysed using 

a two-way ANOVA with a Tukey’s post hoc test. P-values less than or equal to 0.05 were 

deemed significant. 
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3. Results 

3.1. Effect of a high fat diet on body weight 

Weight gain and gonadal fat pad mass are illustrated in Figure 1. Mice fed a HFD gained 

significantly more weight than mice fed a SLD (P<0.001) (Figure 1A; SLD 8.91 ± 0.81g; 

HFD 22.95 ± 0.83g; diet effect (P<0.0001, F(1,286) = 500.7), week effect (P<0.0001, 

F(12,286) = 109.6), and an interaction (P<0.0001, F(12,286) = 24.31). Gonadal fat pad 

mass as percentage body weight was significantly greater in mice fed a HFD compared 

to mice fed a SLD (Figure 1B; SLD 0.88 ± 0.037%, HFD 3.30 ± 0.09%; P<0.0001; t = 

22.88, df = 22). 

 

Figure 5.1:  High fat diet fed mice gained more weight than standard laboratory diet 

fed mice.  

(A) The weekly weight gain of mice fed either a high fat diet (HFD; ○) or standard 

laboratory diet (SLD; ●) for 12 weeks. (B) Gonadal fat pad mass of SLD and HFD fed 

mice at the end of the 12 week diet period. Data are expressed as the mean ± the SEM. N 

= 6 per diet. Weight gain was analysed using a two-way ANOVA. Gonadal fat pad mass 

was analysed using an unpaired t-test. ***P<0.0001 vs SLD fed mice. 

0

5

10

15

20

25

0 4 8 12

W
ei

gh
t 

ga
in

 
(g

)

Week

***

SLD HFD
0

1

2

3

4

G
o

na
d

al
 f

at
 m

as
s

(%
 b

o
d

y 
w

ei
gh

t)

Diet

A B

***



166 
 

3.2. Effect of methanandamide on TRPV1, GHSR, CB1, and FAAH expression in 

nodose ganglia 

TRPV1 mRNA content in nodose ganglia cell bodies was similar between SLD- and 

HFD-mice (Figure 2Ai). In SLD-mice, TRPV1 mRNA content was 1.52 fold higher in 

nodose neurons incubated with mAEA (100nM only) compared to no mAEA control 

neurons (Figure 2Ai; P=0.0148, F(2, 15) = 7.903). Conversely mAEA (1nM and 100nM) 

had no effect on TRPV1 mRNA content in nodose neurons from HFD-mice. Therefore a 

HFD abolished the effect of mAEA on TRPV1 mRNA content in nodose ganglia cell 

bodies (Figure 2Aii; diet effect (P=0.0179, F(1, 20) = 5.25). 

GHSR mRNA content in nodose ganglia cell bodies was similar between SLD- and HFD-

mice. In SLD-mice, GHSR mRNA content was 0.80 fold lower in nodose neurons 

incubated with 100nM mAEA compared to no mAEA control neurons (Figure 2Bi; 

P<0.0001, F(2, 15) = 33.41).  Conversely, in HFD-mice GHSR mRNA content was 1.84 

fold higher in nodose neurons incubated with 100nM mAEA compared to no mAEA 

control neurons (Figure 2Bi; P=0.0034, F(2, 15) = 8.522). Therefore the effect of mAEA 

on nodose GHSR content switched from a decrease in SLD-mice to an increase in HFD-

mice (Figure 2Bii; diet effect (P<0.0001, F(1, 20) = 25.21) and an interaction (P=0.0255, 

F(1, 20) = 5.830)). 

In HFD-mice, CB1 mRNA content in nodose neurons was increased 1.70 fold compared 

to neurons from SLD-mice (P=0.0056; Figure 2Ci). In SLD-mice, CB1 mRNA content 

was 0.95 fold lower in nodose neurons incubated with mAEA (100nM only) compared to 

no mAEA control neurons (Figure 2Ci; P=0.0003, F(2, 15) = 13.71). Conversely, in HFD-

mice, CB1 mRNA content was increased 0.71 fold in nodose neurons incubated with 
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100nM mAEA compared to control neurons (Figure 2Ci; P=0.0402, F(2, 15) = 4.013). 

Therefore the effect of mAEA on nodose CB1 mRNA content switched from a decrease 

in SLD-mice to an increase in HFD-mice (Figure 2Cii; diet effect (P<0.0001, F(1,20) = 

65.68) and an interaction (P=0.0230, F(1,20) = 6.066)). 

In nodose neurons from HFD-mice FAAH mRNA content was 2.56 fold compared to 

neurons from SLD-mice (P=0.46; Figure 2Di). In SLD-mice, FAAH mRNA content was 

3.44 fold higher in nodose neurons incubated with 100nM mAEA compared to no mAEA 

control neurons (Figure 2Di; P=0.0007, F(2, 15) = 11.64). Similarly, in HFD-mice FAAH 

content was 2.62 fold higher in nodose neurons incubated with 100nM mAEA compared 

to no mAEA control neurons (Figure 2Di; P<0.0001, F(2, 15) = 22.81). Therefore, a HFD 

had no effect on the regulation of mAEA on FAAH mRNA content in nodose neurons 

(Figure 2Dii; mAEA effect (P=0.0011, F(1, 20) = 14.60), no diet effect (P=0.0879, F(1, 

20) = 3.22)). 
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Figure 5.2: Methanandamide exposure alters TRPV1, GHSR, CB1, and FAAH 

expression.  

Relative mRNA content of (Ai) TRPV1, (Bi) GHSR, (Ci) CB1, and (Di) FAAH in nodose 

ganglia cell bodies of standard laboratory diet (SLD) and high fat diet (HFD) mice before 

and after incubation with 1nM or 100nM of methanandamide (mAEA). Changes in the 

mRNA content of (Aii) TRPV1, (Bii) GHSR, (Cii) CB1, and (Dii) FAAH in nodose 

ganglia cell bodies of SLD (●) and HFD (○) mice incubated with 1nM or 100nM of 

mAEA relative to control. Data are expressed as the mean ± SEM. N = 6 per diet. 

*P<0.05, **P<0.001, and ***P<0.0001 vs control in same diet, +P<0.05 vs SLD control 

(two-way ANOVA, Tukey’s post hoc test). 

 

3.3. Effect of ghrelin on TRPV1, GHSR, CB1, and FAAH expression in nodose ganglia  

In SLD-mice, TRPV1 mRNA content was 0.85 and 0.97 fold lower in nodose neurons 

incubated with 1nM and 3nM of ghrelin, respectively, compared to no ghrelin control 

neurons (Figure 3Ai; P<0.0001, F(2, 15) = 32.44). Similarly, in HFD-mice TRPV1 

mRNA content was 0.83 and 0.94 fold lower in nodose neurons incubated with 1nM and 

3nM of ghrelin, respectively, compared to no ghrelin control neurons (Figure 3Ai; 

P<0.0001, F(2, 15) = 36.69). Therefore, a HFD had no effect on the regulation of TRPV1 

mRNA content by ghrelin (Figure 3Aii; mAEA effect (P=0.0133, F(1, 20) = 7.378), no 

diet effect (P=0.616, F(1, 20) = 0.259)).  

In SLD-mice, GHSR mRNA content was 0.42 fold lower in nodose neurones incubated 

with 3nM of ghrelin compared to no ghrelin control neurons (Figure 3Bi; P<0.0001, F(2, 

15) = 40.43). In contrast, in HFD-mice GHSR mRNA content was 1.61 fold higher in 
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nodose neurons incubated with 3nM of ghrelin compared to no ghrelin control neurons 

(Figure 3Bi; P=0.007, F(2, 5) = 6.849). Therefore, a HFD caused a switch in the effect of 

ghrelin on nodose GHSR mRNA content from a decrease in SLD-mice to an increase in 

HFD-mice (Figure 3Bii; diet effect (P<0.0001. F(1,20) = 23.68)). 

In SLD-mice, CB1 mRNA content was 0.47 fold lower in nodose neurons incubated with 

3nM of ghrelin compared to no ghrelin control neurons (Figure 3Ci; P=0.001, F(2, 15) = 

11.11). Conversely, in HFD-mice, CB1 mRNA content was 0.77 fold higher in nodose 

neurons incubated with 3nM of ghrelin compared to no ghrelin control neurons (Figure 

3Ci; P=0.019, F(2, 15) = 5.212). Therefore, a HFD switched the effect of ghrelin on CB1 

mRNA content in nodose neurons (Figure 3Cii; diet effect (P<0.0001, F(1,20) = 23.48)). 

Incubation of nodose neurons from both SLD-mice and HFD-mice with 1nM or 3nM of 

ghrelin had no effect on FAAH mRNA content (P=0.98; Figure 3Di and 3Dii).  
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Figure 5.3: Ghrelin exposure alters TRPV1, GHSR, CB1, and FAAH expression. 

Relative mRNA content of (Ai) TRPV1, (Bi) GHSR, (Ci) CB1, and (Di) FAAH in nodose 

ganglia cell bodies of standard laboratory diet (SLD) and high fat diet (HFD) mice before 

and after incubation with 1nM or 3nM of ghrelin. Changes in the mRNA content of (Aii) 

TRPV1, (Bii) GHSR, (Cii) CB1, and (Dii) FAAH in nodose ganglia cell bodies of SLD 

(●) and HFD (○) mice incubated with 1nM or 3nM of ghrelin relative to control. Data are 

expressed as the mean ± SEM. N = 6 per diet. *P<0.05, **P<0.001, ***P<0.0001 vs 

control in same diet, +P<0.05 vs SLD control (two-way ANOVA, Tukey’s post hoc test). 
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4. Discussion 

The current study demonstrates that mAEA and ghrelin can regulate TRPV1, GHSR, 

CB1, and FAAH mRNA content in primary cultured nodose neurons. Further, these 

regulatory effects are altered in HFD-induced obese mice which could impact on vagal 

afferent signalling and appetite regulation. 

Compared to SLD-mice, in HFD-mice there was an increase in relative CB1 and FAAH 

mRNA content, but no difference in relative GHSR or TRPV1 mRNA content in nodose 

cells. Consistent with this study it has been demonstrated that GHSR and TRPV1 mRNA 

levels in the nodose ganglia were not altered in HFD-induced obese mice [235, 467]. 

However, it has been shown that CB1, GHSR, and FAAH mRNA content was increased 

in nodose ganglia from HFD-induced obese rats compared to lean rats [177]. This 

suggests the effect of HFD-induced obesity on GHSR, but not CB1 or FAAH, mRNA 

content in nodose ganglia is species specific. Further, peripheral CB1 receptors have been 

implicated in the control of food intake and gastrointestinal motility [336, 508]. In lean 

conditions, the CB1 receptor was shown to be involved in the biphasic regulation of 

tension sensitive GVA mechanosensitivity [490]. Conversely, in HFD-induced obese 

conditions, the biphasic effect is replaced with a single inhibitory effect which may 

promote food intake [509]. Therefore, the increased mRNA content of CB1 in the nodose 

ganglia of HFD-mice may contribute to the hyperphagia typically observed in obesity 

[177, 492], however, this requires further investigation. Whilst protein levels were not 

measured in the current study, there is generally an acceptable degree of similarity 

between mRNA and protein levels for CB1 and GHSR [245, 476, 510].  
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Ghrelin and mAEA reduced the relative mRNA content of GHSR and CB1, respectively, 

in nodose cells from SLD-mice. G-coupled protein receptor meditated pathways ,such as 

CB1 and GHSR, often have negative feedback loops to prevent over activation [511]. It 

is possible this negative feedback is reducing receptor mRNA expression in vagal afferent 

neurons in the current study. In HFD-mice, mAEA and ghrelin increased the relative 

mRNA content of both CB1 and GHSR in culture vagal afferent neurons, suggesting a 

switch in effect. The mechanism for the switch in effect of mAEA and ghrelin on their 

respective receptor expression is unknown, but may be a result of the reduced gastric 

AEA [351] and ghrelin [512] protein levels in HFD-induced obesity. This requires further 

investigation. 

It is speculated that CB1 and GHSR are co-dependent for functionality [336, 479] which 

may explain the observation in the current study that mAEA and ghrelin can regulate the 

mRNA content of each other’s receptors. Further, it should be noted that in ‘normal’ 

conditions, gastric concentrations of AEA and ghrelin protein are in the low nanomolar 

range (1-10nM), and are decreased in obese conditions [351, 505]. However, in the case 

of ghrelin, GVA endings have been shown to be located close to ghrelin positive cells 

[167]. Therefore, the concentration of ghrelin released directly onto vagal afferent 

endings may be considerably higher than the average content throughout the tissue. The 

location of gastric AEA stores, and their proximity to vagal afferent endings, is currently 

unknown [513] and requires further investigation. 

Ghrelin decreased the relative mRNA content of TRPV1 in nodose neurons from both 

SLD- and HFD-mice. Consistent with this, in other tissues such as the intestinal mucosa 

[514] and trigeminal ganglia [515], ghrelin treatment decreased TRPV1 mRNA content. 

However, in these tissues ghrelin only decreased TRPV1 mRNA content in pathological 
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conditions such as hyperalgesia, and not ‘normal’ conditions. In ‘normal’ conditions, 

TRPV1 on gastrointestinal vagal afferent neurons is associated with increased 

gastrointestinal motility and satiety [516]. Conversely, ghrelin is associated with 

decreased gastrointestinal motility and satiety [517]. Therefore, the reduced TRPV1 

mRNA content mediated by ghrelin, in theory, should reduce gastrointestinal motility. 

This requires further investigation.  

Relative TRPV1 mRNA content was increased by mAEA exposure in nodose neurons 

from SLD-mice; an effect lost in nodose neurons from HFD-mice. AEA is a full agonist 

for TRPV1 [408], and can influence TRPV1 mRNA content. For example, in bronchial 

epithelial cells AEA increased TRPV1 mRNA content [518], albeit, at a substantially 

higher concentration compared to the current study. In GVAs from lean mice, high 

concentrations of mAEA increased the mechanosensitive of tension receptors to stretch, 

an effect mediated via TRPV1 [490]. This effect is replaced with an inhibitory effect in 

HFD-induced obese mice [509]. Therefore, the loss of effect of mAEA on TRPV1 mRNA 

content may contribute to this. The mechanisms by which this occurs is not currently 

known, and, therefore this requires further investigation. 

Exposure to mAEA, but not ghrelin, increased the relative mRNA content of FAAH in 

cells from both SLD- and HFD-mice. FAAH is involved in the degradation of AEA upon 

entry into the cell [309] and its concentration is typically negatively correlated with the 

concentration of AEA [519, 520]. It should be noted that although AEA is secreted from 

gastric epithelial cells [351], the presence of FAAH mRNA in the nodose ganglia may 

impact endocannabinoid effects in vagal afferents and ultimately vagal afferent 

signalling. Further, whilst the relative mRNA content of TRPV1 in nodose ganglia from 

HFD-mice treated with 100nM mAEA was significantly higher than SLD-mice, the fold 
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increase was similar. This suggests that the effects of AEA are preserved between diets. 

Therefore, the fact that gastric AEA levels are reduced in obesity would suggest that the 

increased TRPV1 mRNA content is being driven by an alternate pathway. However, this 

requires further investigation. 

In conclusion, the current study demonstrates that HFD-induced obesity can alter the 

effect of mAEA and/or ghrelin on the expression of CB1, GHSR, and TRPV1 mRNA in 

nodose neurons, which may impact signalling from the gastrointestinal tract and appetite 

regulation. The cell cultures used in this study were from fed mice at a single time point 

and therefore do not take into account any possible fasting or circadian variations that 

may be present. Further, AEA and ghrelin represent only a small portion of a multitude 

of appetite modulating gut hormones, and, as such, the current study does not take into 

account the complex interactions that may exist in vivo to regulate mRNA expression in 

nodose ganglia, and the physiological effects they may cause. 
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This thesis provides evidence that the endocannabinoid AEA biphasically modulates 

tension sensitive GVA signalling in a diet-dependent manner. These effects are dependent 

on CB1, TRPV1, and GHSR interactions which are co-expressed in individual tension 

sensitive GVA neurons. Tension sensitive GVAs may play a role in satiety signalling and 

therefore AEA, which is synthesised in the stomach, may play a role in regulating these 

signals. 

 

Expression in the stomach and vagal afferents 

The CB1 receptor is expressed on gastric epithelial cells, and in vagal afferent neurons. 

On gastric epithelial cells it regulates the secretion of gastric acid [352] and ghrelin [249]. 

In vagal afferent neurons the CB1 receptor is synthesised in the cell body and then 

transported to the axon terminals in the gastrointestinal tract [521]. Consistent with this, 

the studies in this thesis demonstrate that CB1 mRNA is expressed in both the gastric 

mucosa and in GVA cell bodies. This suggests that mAEA does not have to act directly 

on tension sensitive GVA endings but can induce the release of gastrointestinal hormones 

such as ghrelin which can act on these afferents. 

CB1 receptor mRNA was also expressed in individual tension sensitive GVA cell bodies, 

and co-expressed to a high degree with TRPV1 and GHSR mRNA. Studying identified 

subpopulations of neurons is important for specificity of action. The co-expression of 

CB1, GHSR, and TRPV1 mRNA in individual tension GVA neurons was different from 

the general nodose ganglia population. This suggests they have a specific function to 

influence satiety signalling. Likewise, the increased GHSR and CB1 receptor mRNA 
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expression in individual tension sensitive GVA neurons of diet-induced obese mice could 

act to increase or maintain signalling of their corresponding ligands which were reduced 

in the gastric mucosa. Further, the research in this thesis demonstrates that mAEA and 

ghrelin can regulate each other’s receptor expression. This reinforces previous reports in 

other tissues suggesting that the the endocannabinoid and ghrelin systems are co-

dependent for functionality [479, 522]. This potentially provides information that can lead 

to targeting of these receptors to modulate appetite since if you are targeting one, you are 

likely to be influencing the other. This is important regarding potential side effects of 

pharmacological therapy as it is necessary to take in to account both the endocannabinoid 

and ghrelin systems. 

Immunohistochemistry was performed to confirm the presence of TRPV1, CB1, and 

GHSR protein in vagal afferent neurons. Whilst their presence was confirmed, 

immunohistochemistry is typically a semi-quantitative method [523] and therefore their 

levels were not directly measured. It is well known that mRNA levels do not always 

correlate well with protein levels [524].  However, for the CB1 receptor and GHSR there 

is generally a degree of similarity between mRNA and protein levels in human and murine 

nodose ganglia [245, 476, 510]. Nonetheless, further studies are required to determine 

protein levels in vagal afferent neurones, although this may prove difficult in single cells. 

 

Modulatory effects of methanandamide on gastric vagal afferents 

Electrophysiology studies in this thesis revealed that, in lean mice, mAEA exhibited 

biphasic effects on the mechanosensitivity of tension sensitive GVAs to stretch. 

Consumption of food causes stretch or distension of the stomach wall leading to feelings 
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of fullness. Generally, distension of the stomach wall alone is sufficient as non-nutrient 

liquids can also generate feelings of fullness [525]. Therefore, the excitatory effect of 

mAEA on tension sensitive GVAs at high concentrations may act to increase satiety 

signalling in response to stomach distension, presumably reducing food intake. 

Conversely, the inhibitory effect of mAEA on tension sensitive GVAs at low 

concentrations could act to delay satiety signalling and increase food intake. Whilst 

exogenous AEA experiments may confirm this hypothesis, the experimental design may 

prove difficult. AEA also regulates mood and memory, and can centrally regulate food 

intake via the circulation [301, 526]. Therefore, it would be necessary to restrict AEA 

administration peripherally to the stomach. 

It should be noted that endocannabinoids such as AEA can interact with other 

gastrointestinal hormones. Whilst it has been established that there is a possible ghrelin 

interaction in the inhibitory pathway of mAEA, isolated in vitro studies generally do not 

take into account the multitude of other interactions that may exist in vivo. Studies have 

shown that CCK downregulates CB1 receptor mRNA expression in vagal afferents [510], 

and counteracts the effects of AEA [527]. Additionally, leptin increases AEA degradation 

via increasing FAAH protein activity [343]. These hormones may influence AEA 

signalling in vivo by partly regulating AEA effects and levels, making it necessary to 

include these two gastrointestinal hormones in future studies.  

The biphasic signalling of mAEA in lean mice is complicated further by other factors 

including nutritional status and circadian rhythms. AEA levels in the gastrointestinal tract 

are increased by fasting [335]. Generally, during fasting it would be favourable to increase 

signals that promote food intake. Given this, it would seem counterintuitive that high 

levels of mAEA increase the mechanosensitivity of tension sensitive GVAs. However, 
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after fasting, control mechanisms may occur to prevent over eating. This has been 

observed in rats where initial food intake following a fast is decreased [528]. Nonetheless, 

given that the excitatory effect of mAEA is lost in diet-induced obese mice, mAEA 

signalling via tension sensitive GVAs may also change in fasted mice. This has previously 

been reported for other gastrointestinal hormones such as leptin which gains an inhibitory 

effect on tension sensitive GVAs in fasted mice [223]. 

The studies in this thesis were only performed at one time point to minimise circadian 

variation. AEA protein exhibits tissue specific diurnal variation in both rodents and 

humans [315]. Specifically, hypothalamic AEA protein is increased during the inactive 

phase and decreased during the active phase of rats [497]. GVA mechanosensitivity also 

displays diurnal variation in mice, with highest sensitivity during the inactive phase, and 

lowest sensitivity during the active phase [224]. This raises the possibility that the effect 

of mAEA on the mechanosensitivity of tension sensitive GVAs may also differ depending 

on the time of day. Further, it is also possible that the biphasic effects of AEA signalling 

on GVAs is driving the diurnal rhythms in GVA mechanosensitivity. This requires 

detailed circadian studies to confirm.    

 

Methanandamide signalling in diet-induced obesity 

In diet-induced obese mice the biphasic effect of mAEA on the mechanosensitivity of 

tension sensitive GVAs was replaced with a single inhibitory effect. An increase in food 

intake can contribute to the development and maintenance of obesity. This can be 

achieved through a dampening of anorexigenic signals, or dominance of orexigenic 

signals [529]. Previously it has been reported that the mechanosensitivity of tension 
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sensitive GVAs to stretch is reduced in diet-induced obesity [167]. Given the possible 

role of tension sensitive GVAs in satiety this would suggest a reduced response to gastric 

distension and likely a delay in satiety signalling. In the current thesis, electrophysiology 

studies revealed that in diet-induced obese mice mAEA reduced the mechanosensitivity 

of tension sensitive GVAs even further. Previously in diet-induced obese rats it has been 

demonstrated that the pattern of food intake is altered with an increase in meal size  [530]. 

Additionally, HFD-induced obese mice exhibit a lack of GVA diurnal variation with a 

loss of peak response to mechanical stimuli [225]. Therefore, the inhibitory effect of 

mAEA on tension sensitive GVAs in diet-induced obese mice may contribute to the 

dampened response and loss of circadian variation in GVA mechanosensitivity, and 

subsequent increase in meal size. Further, the reduced mechanosensitivity of tension 

sensitive GVAs observed in diet-induced obesity persists even after return to SLD 

conditions [234] which may compromise the ability to sustain weight loss. Further studies 

are required to determine if the effects of mAEA on the mechanosensitivity of tension 

sensitive GVAs also return to ‘normal’ after return to SLD conditions. 

The inhibitory effect of mAEA in diet-induced obese mice, similar to SLD-mice, is 

mediated through GHSR. In the current studies, gastric ghrelin protein levels were 

reduced, whereas ghrelin receptor mRNA expression in individual tension sensitive GVA 

neurons was increased in HFD-induced obesity. Further, in the cell culture studies in this 

thesis, ghrelin increased GHSR mRNA expression in vagal afferent neurons from diet-

induced obese mice. Therefore, the increased GHSR mRNA expression in diet-induced 

obesity may be driven by ghrelin itself. However, ghrelin protein levels are reduced in 

the gastric mucosa and therefore this require further investigation.  
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It is worth noting that in obesity the phenomenon of ghrelin resistance can occur as 

described earlier. However, it should also be noted that the inhibitory effect of ghrelin on 

tension sensitive GVAs in lean mice persists in diet-induced obese mice [167]. This 

suggests that ghrelin resistance is not present in GVAs. 

Exogenous administration of ghrelin causes a greater increase in food intake in obese 

compared to lean individuals [190], which may partly be mediated via vagal afferents 

[167]. However, ghrelin and AEA are also involved in central signalling in the 

hypothalamus and reward pathways [531, 532]. Further, in obesity central 

endocannabinoid systems are overactive [342, 533]. Therefore, the involvement of these 

systems in hyperphagia cannot be ruled out. Overall,  the effect of mAEA on the 

mechanosensitivity of tension sensitive GVAs in diet-induced obese mice may cause a 

latency in satiety signalling and a subsequent increase in meal size, consistent with meal 

patterns in obese rodents [530]. 
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Figure 6.1: Overall schematic of the peripheral vagal afferent system linking 

together the studies in this thesis. 

In the nodose ganglia ghrelin and methanandamide (mAEA) diet dependently alter the 

expression of TRPV1, CB1, and GHSR mRNA. Levels of ghrelin and anandamide are 

decreased in gastric mucosal tissue whilst CB1 mRNA is increased. In the circulation 

levels of ghrelin are decreased whilst levels of anandamide are increased. Lastly, at 
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tension sensitive GVA endings, mAEA diet dependently regulates the sensitivity of 

GVAs to stretch via CB1, GHSR, and TRPV1.  

 

Targeting of the endocannabinoid system for pharmacotherapy of pathologies continues 

to be an area of research interest. Notably, rimonabant, a CB1 receptor antagonist, was 

approved as an anorectic drug for obesity in 2006, however, was quickly withdrawn two 

years later due to psychological side effects [534]. Recent advancements have turned 

towards targeting FAAH to regulate AEA levels; however one test drug has resulted in 

neurological complications and a death [535, 536]. In the current study, the inhibitory 

effect of mAEA was dominant in diet-induced obese mice regardless of mAEA 

concentration. This suggests that regulating gastric AEA levels using a FAAH inhibitor 

to increase satiety signalling may not be viable.  

There has been interest in TRPV1 as a potential target for pain therapy. The studies in 

this thesis suggest that it may be feasible to target TRPV1 for appetite regulation. There 

is a lack of knowledge regarding agonistic targeting of TRPV1, however, antagonistic 

targeting of specific TRPV1 domains can block some of its functions without affecting 

the others. For example, some antagonists block activation by capsaicin without blocking 

activation by low pH [537]. This suggests it is plausible to specifically target TRPV1 with 

an agonist to affect only one function. However, there is a general lack of knowledge 

regarding the role of TRPV1 on food intake. Therefore, whilst it may seem a viable target, 

there is the need for more research. 

It is well established that GVA neurons are involved in the control of food intake and 

gastrointestinal functions such as gastric emptying and motility [216, 538]. Whilst it is 
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speculated, there is no definitive proof on the exact physiological roles of subpopulations 

of GVAs. Mucosal sensitive GVAs are speculated to be involved in gastric emptying, 

with their activation causing a delay. Larger food particle sizes elicit a greater response 

from mucosal sensitive GVAs causing a delayed gastric emptying. This allows further 

breakdown of the larger food particles before intestinal transit to aid in digestion [205]. 

AEA, through the CB1 receptor, but not TRPV1, delays gastric emptying [351]. 

Therefore, it could be hypothesised that mAEA modulates the mechanosensitivity of 

mucosal GVAs. However, mAEA had no effect on the mechanosensitivity of mucosal 

sensitive GVAs, and, therefore AEA is likely to mediate gastric emptying via other 

mechanisms.  

Tension sensitive GVAs are speculated to play a role in satiety signalling, however, they 

may also play a role in the generation of gastrointestinal reflexes such as motility. 

Recently, it has been suggested that GVAs are not necessary to produce satiety signals in 

response to stretch, and that duodenal vagal afferents are more important [213]. However, 

this study was performed in fasted mice where the mechanosensitivity of GVAs to stretch 

is reduced compared to fed mice [167]. Therefore, GVA satiety signalling in the fasted 

state is not dominant. Nonetheless, AEA, CB1, TRPV1, and ghrelin have all been 

implicated in both food intake and gastrointestinal motility [472, 539, 540].  Whilst this 

thesis suggests it is likely AEA may act to control food intake, it cannot be excluded that 

tension sensitive GVAs also influence gastrointestinal reflexes. Therefore, future studies 

must determine the physiological and behavioural effects of biphasic AEA signalling in 

tension sensitive GVA neurons.  
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Summary 

In summary, the studies in this thesis provide evidence that mAEA biphasically 

modulates the mechanosensitivity of tension sensitive GVAs to stretch, an effect 

dependent on nutritional status. Further, the inhibitory effect of mAEA on tension 

sensitive GVAs is dominant in diet-induced obese mice which may contribute to 

increased food intake, however behavioural studies are required to confirm this 

hypothesis. In the gastrointestinal tract AEA, CB1, and TRPV1 are also involved in other 

processes such as gastric acid secretion and motility, and thus should also be considered 

for future studies.  Nonetheless, the evidence presented in this thesis may provide 

potential mechanisms that favour the maintenance of obesity, and thus highlights 

potential targets that can be explored and developed further. 
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Abstract 

The ion channel TRPV1 is involved in a wide range of processes including nociception, 

thermosensation and, more recently discovered, energy homeostasis. Tightly controlling 

energy homeostasis is important to maintain a healthy body weight, or to aid in weight 

loss by expending more energy than energy intake. TRPV1 may be involved in energy 

homeostasis, both in the control of food intake and energy expenditure. In the periphery, 

it is possible that TRPV1 can impact on appetite through control of appetite hormone 

levels or via modulation of gastrointestinal vagal afferent signalling. Further, TRPV1 may 

increase energy expenditure via heat production. Dietary supplementation with TRPV1 

agonists, such as capsaicin, has yielded conflicting results with some studies indicating a 

reduction in food intake and increase in energy expenditure, and other studies indicating 

the converse. Nonetheless, it is increasingly apparent that TRPV1 may be dysregulated 

in obesity and contributing to the development of this disease. The mechanisms behind 

this dysregulation are currently unknown but interactions with other systems, such as the 

endocannabinoid systems, could be altered and therefore play a role in this dysregulation. 

Further, TRPV1 channels appear to be involved in pancreatic insulin secretion. Therefore, 

given its plausible involvement in regulation of energy and glucose homeostasis and its 

dysregulation in obesity, TRPV1 may be a target for weight loss therapy and diabetes. 

However, further research is required too fully elucidate TRPV1s role in these processes. 

The review provides an overview of current knowledge in this field and potential areas 

for development.  
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1. Introduction 

Obesity has become the fifth leading cause of death, and the second leading cause of 

preventable death worldwide, closely following tobacco smoking [541, 542]. There are 

multiple hormonal, neurotransmitter, and receptor systems involved in the regulation of 

energy balance. Pharmacological attempts to favourably modulate these systems to 

encourage weight loss have been somewhat effective, although not without adverse side 

effects. This has led to the search for more suitable targets. One such group of 

receptors/ion channels gaining attention for their possible role in energy homeostasis are 

the Transient Receptor Potential (TRP) channels.  

TRP channels are a superfamily of about 28 non-selective cation channels divided into 7 

subfamilies including TRP vanilloid (TRPV), and TRP ankyrin (TRPA) [543]. They were 

first identified in 1969 from an irregular electroretinogram in a mutant strain of the 

Drosophila fly [380]. The electroretinogram presented a short increase in retinal potential 

which gave rise to the name ‘transient receptor potential’ [381]. Since their discovery, 

TRP channels have been identified as osmo- and mechano-sensitive [379]. For example, 

TRPA1 is associated with pain sensations and inflammation [382], and TRPV1 is 

associated with pain and temperature regulation [383].  

Endotherms use energy to create heat to maintain body temperature and in colder climates 

it has been shown that humans expend more energy for thermoregulation compared to 

warmer climates [544]. Given the high energy costs of generating heat to maintain an 

optimal cellular environment thermoregulation can also play an important role in energy 

homeostasis. TRPV1 channels are involved in thermoregulation, making them a possible 

target for the modulation of energy expenditure. Further, it is becoming apparent that 
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TRPV1 may be involved in the regulation of appetite via the modulation of appetite 

hormones and/or by acting on gastrointestinal vagal afferents. This is a process that may 

involve interaction with the endocannabinoid system considering that endocannabinoids 

such as anandamide (AEA), produced in the gastrointestinal tract are also endogenous 

TRPV1 agonists.  In addition, there are suggestions that TRPV1 may be involved in the 

regulation of insulin secretion in the pancreas.  Studies in obese individuals have 

suggested that TRPV1 may be dysfunctional or dysregulated due to loss of effect on 

energy homeostasis. For this reason TRPV1 may be a potential target for pharmacological 

manipulation to aid in weight loss with recent studies suggesting selective blockade or 

activation of specific functions of TRPV1. However, due to its complexity this may prove 

difficult. This review explores TRPV1 structure and modulation and will focus on its 

involvement in energy homeostasis, diabetes and possible pharmacological manipulation. 

2. TRPV1 channels 

TPRV1, the first channel in the vanilloid family, is highly permeable to calcium and was 

discovered in 1997 by cloning dorsal root ganglia expressed genes in human embryonic 

kidney cells [400]. It is expressed in a wide range of central and peripheral tissues. 

Centrally, TRPV1 is highly expressed in the brain stem, mid-brain, hypothalamus and 

limbic system [384]. Peripherally it is expressed in many tissues including the vagal and 

spinal sensory nerves [385], stomach [387] and adipose tissue [386]. 

2.1 TRPV1 structure 

The TRPV1 channel consists of four identical subunits located in the plasma membrane 

with each subunit (Figure 1) consisting of an N-terminus, a transmembrane region, and a 

C-terminus [395, 396]. The N-terminus contains an ankyrin repeating domain consisting 
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of 6 ankyrin subunits [396] which in its tertiary structure forms six α-helices connected 

by finger loops [395]. Sites on the N-terminus are capable of phosphorylation by protein 

kinases with the S116 phosphorylation site being one of functionality [545]. A linker 

section connects the N-terminus to the transmembrane region via the pre-helical segment 

(pre-S1), and connects TPRV1 subunits together [395, 396, 398, 545].  

The transmembrane region of each TRPV1 subunit comprises 6 helical segments (S1-

S6), where S1-S4 contribute to the voltage-sensing domain, and S5-S6 contribute to the 

pore-forming domain [396]. S1-S4 are connected to S5-S6 by a linker segment, and act 

as a foundation which allows the linker segment to move, contributing to pore opening 

and TRPV1 activation. The transmembrane region also contains binding sites for several 

ligands. For example, vanilloids (e.g. capsaicin) are capable of binding to S3 and S4, and 

protons (H+) are capable of binding to S5 and the S5-S6 linker (pore helix) [395].  

Lastly, the C-terminus consists of a TRP domain (TRP-D) which interacts with pre-S1 

suggesting a structural role [396]. Following the TRP domain are several protein kinase 

A (PKA) and protein kinase C (PKC) phosphorylation sites, and sites for binding 

calmodulin and phosphatidylinositol-4,5-bisphosphate (PIP2) [395, 396]. 
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Figure 8.1: Structure of a TRPV1 subunit.  

A) N-terminus containing 6 ankyrin subunits (A1-A6) and a linking region consisting of 

a linker and a Pre-S1 helix segment. B) transmembrane region with 6 helical segments 

(S1-S6). C) C-terminus containing a TRP domain and binding sites for PKA, PKC, PIP2 

and calmodulin. 

 

2.2 TRPV1 channel activation or modulation  

TRPV1 is activated by a wide variety of different stimuli including heat, protons (pH<5.9) 

[383, 546], capsaicin the irritant compound in hot chillies [400], allicin and diallyl 

sulphides from garlic [401, 402], peperine from black pepper [403] and gingerol from 

ginger [547]. Spider and jellyfish venom-derived toxins are also TRPV1 agonists [404, 

405].  

Endogenous agonists are referred to as endovanilloids. To qualify as an endovanilloid the 

compound should be produced and released in sufficient amount to evoke a TRPV1-

mediated response by direct binding and subsequent activation of the channel. Further, to 
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permit regulation of the channel the signal should have a short half-life. Therefore, the 

mechanisms for synthesis and breakdown of the endovanilloid should be in close 

proximity to TRPV1. As the binding sites for endogenous ligands of TRPV1 are 

intracellular [407, 548] then the ligand could also be produced within the cell or there 

should be a mechanism to bring it into the cell. Three different classes of lipid are known 

to activate TRPV1 i.e. N-acyl-ethanolamines (NAEs, e.g. AEA  [408]), some 

lipoxygenase products of arachidonic acid and N-acyl-dopamines (e.g. N-

arachidonoyldopamine, N-oleoyldopamine) [411]. Further, adipose tissue B lymphocytes 

(B1 cells) that regulate local inflammatory responses produce leukotrienes including 

leukotriene B4 which is also a TRPV1 agonist [549].  

Intracellularly, calmodulin, a calcium-binding messenger, mediates the negative feedback 

loop formed by calcium [550]. Calcium binds and activates calmodulin allowing it to bind 

to the N-terminus or C-terminus of TRPV1 inhibiting TRPV1 activity [395]. Other 

secondary messengers such as PKA, PKC, and PIP2 are also capable of modulating 

TRPV1 activity. PKA can enhance or activate TRPV1 through phosphorylation of sites 

(S116 and & T370) on the  N-terminal [406] and may play a role in the capsaicin induced 

Ca2+ dependent desensitisation of TRPV1 activation, a phenomenon which has been 

extensively reviewed elsewhere [551]. PKC directly activates TRPV1 through 

phosphorylation of the S2-S3 linker region (S502) and C-terminal sites (S800), and also 

potentiates the effect of other ligands such as protons [412, 413]. PIP2 is a negative 

regulator, inhibiting TRPV1 activity when bound to the C-terminal sites (TRP domain: 

K710) [414]. 
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2.3 Interactions between TRPV1 and the endocannabinoid system 

2.3.1 The endocannabinoid system 

The endocannabinoid system consists of endocannabinoids, their receptors and the 

enzymes involved in endocannabinoid synthesis and degradation. This system is involved 

in many physiological processes including memory, mood and relevant to this review 

promotion of food intake [552]. Endocannabinoids are endogenous lipid messengers (e.g. 

AEA and 2-arachydonoyl-glycerol) which activate their receptors, cannabinoid receptor-

1 (CB1) and cannabinoid receptor-2 (CB2) [236, 301].  

These endogenous lipid messengers are synthesised on demand and degraded by cellular 

uptake and enzymatic hydrolysis (see review [319] and Figure 2). Briefly, the first step 

in the synthesis of AEA and NAEs is the transacylation of membrane 

phosphatidyethanolamine-containing phospholipids to N-acylphosphatidyl-

ethanolamines (NAPEs) [553, 554]. There are a number of ways that NAPEs are 

metabolised to their corresponding NAE including catalysed hydrolysis by the NAPE-

hydrolysing enzyme phospholipase D (NAPE-PLD) [555]. In contrast, diacylglycerol 

lipase (DAGL) is responsible for the formation of 2-AG [556]. There is still some 

controversy on whether there is an endocannabinoid membrane transporter (See reviews 

[493, 557]). Nonetheless, endocannabinoids can be cleared from the extracellular space. 

Further, there are intracellular proteins that can shuttle these lipids to specific intracellular 

locations (e.g. TRPV1 for AEA) [324, 325], the best characterised of these are the fatty 

acid-binding proteins (FABP e.g. FABP5 and 7) [558]. The enzymes responsible for the 

breakdown of AEA and NAEs are fatty acid amide hydrolase (FAAH) and N-

acylethanolamine-hydrolysing acid-amidase (NAAA). NAAA is predominantly located 

in the lungs where it is localised to the lysosomes of macrophages [312, 559]. FAAH is 
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more ubiquitous and FAAH-1 is located on the endoplasmic reticulum whereas FAAH-2 

(not found in rodents) is located in the lipid rafts [560, 561]. Monoacylglycerol lipase 

(MAGL) is the enzyme responsible for the majority of 2-AG hydrolysis in most tissues 

[320, 562, 563]. 

 

Figure 8.2: Schematic of the synthesis, degradation and action of endocannabinoids 

at cannabinoid receptors.  

Endogenous lipid messengers, such as AEA and 2-AG, act on cannabinoid receptors. 

AEA and 2-AG are synthesised on demand and degraded by cellular uptake and 

enzymatic hydrolysis by FAAH and MAGL respectively. FABP carries AEA from the 

cell membrane to the endoplasmic reticulum where it is finally converted to AA by 

FAAH. Abbreviations: AA, arachidonic acid; AC, adenylate cyclase; AEA, anandamide; 

2-AG, 2-arachidonoylglycerol; CB, cannabinoid; DAGs, diacylglycerols; DAGL, 

diacylglycerol lipase; FAAH, fatty acid amide hydrolase; FABP, fatty acid-binding 
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protein; MAGL, monoacylglycerol lipase; NAE, N-acylethanolamines; NAPE, N-

acylphosphatidylethanolamine; NAPE-PLD, NAPE-specific phospholipase D.   

 

 

The receptors for endocannabinoids, CB1 and CB2 are members of the G-protein coupled 

receptor family, being predominantly coupled to the Gi/oα proteins that inhibit adenylyl 

cyclase thereby reducing cellular cAMP levels [237, 564]. However, coupling to other 

effector proteins has also been reported, including activation of Gq and Gs proteins, 

inhibition of voltage-gated calcium channels, activation of inwardly rectifying potassium 

channels, β-arrestin recruitment and activation of mitogen-activated protein kinase 

(MAPK) signalling pathways [565]. As a result of CB receptor signalling through 

multiple effector proteins the probability of biased signalling (ligand-dependent 

selectivity for specific signal transduction pathways) increases. Biased signalling is 

thought to occur when different ligands bind to the receptor causing different 

conformational changes to the receptor enabling the receptor to preferentially signal one 

pathway over the other [566, 567]. This is attractive, in terms of development of 

pharmacotherapies for various diseases, as it suggests the possibility of being able to 

design a drug that will activate/inhibit a specific intracellular pathway. 

The endocannabinoid system drives food intake via CB1 [469].  Administration of CB1 

agonists induces feeding in rodents [568] and humans [569], while blocking CB1 reduces 

food intake [570]. Further, overactivity of the endocannabinoid system perpetuates the 

problems associated with obesity [469] and drugs targeting CB1 have been used 

therapeutically to manage obesity but withdrawn due to CNS side effects [571]. New 

evidence indicates the endocannabinoid system can control food intake by a peripheral 
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mechanism of action [571]. Peripherally-restricted CB1 antagonists, with no direct central 

effects, reduce food intake and body weight in rodents [470, 471]. 

2.3.2. The endocannabinoid system and TRPV1 

Endocannabinoids, such as AEA, are also endogenous ligands for TRPV1 [572].  

Capsaicin, an agonist of TRPV1, has an anti-obesity effect in rodents [386] and reduces 

food intake in humans [444]. Therefore, the effects of endocannabinoids on food intake 

will depend on the site of action (Figure 3). This is complicated further as effects may be 

mediated via cross talk between TRPV1 and CB1. It has been demonstrated that CB1 can 

enhance or inhibit TRPV1 channel activity depending on whether it activates the 

phospholipase C (PLC)-PKC or inhibits the adenylate cyclase (AC)-PKA pathways 

respectively [447] (Figure 3). This interaction appears to be dose-dependent. Moderate to 

high concentrations of AEA (1µM-10µM) have been shown to activate TRPV1 in a PKC 

dependent manner [412, 413]. Conversely, low doses of AEA (3nM-30nM) inhibit 

TRPV1 activity [450, 573], presumably through CB1 mediated inhibition of AC [574]. 

Therefore, enzymatic synthesis and breakdown of endocannabinoids are potentially 

important determinants of TRPV1 activity in tissue, such as neuronal tissue, that co-

express TRPV1 and CB1 [447].  A clearer understanding of the role endocannabinoids 

play in food intake regulation in health and obesity is required to determine the 

physiological relevance of these different interactions. In mice, the levels of AEA in the 

small intestinal mucosa and plasma were elevated in high fat diet-induced obese mice 

compared to controls [470] but still within the low dose range (3nM-30nM) shown to 

inhibit TRPV1 [450, 573]. Consistent with these observations food intake was by 

treatment with a peripherally restricted CB1 antagonist [470]. Similar observations were 

made in humans with plasma anandamide levels elevated in obese compared to 
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overweight or lean individuals [575], again to levels consistent with TRPV1 inhibition. 

Therefore, the physiological significance of TRPV1 activation observed at moderate to 

high concentrations of AEA remain to be determined. 

 

Figure 8.3: Interaction between endocannabinoids, TRPV1 and CB1. 

Endocannabinoids can: 1) directly activate TRPV1 leading to cannabinoid receptor 1 

(CB1)-independent effects; 2)  activate CB1 leading to activation of  the phospholipase 

C pathway enhancing TRPV1 activity; 3) activate CB1 leading to inhibition of the 

adenylate cyclase pathway inhibiting TRPV1 activity; 4) activate CB1 leading to TRPV1-

independent effects. 

 

3. Involvement of TRPV1 in energy homeostasis 

Reports on TRPV1 mediated regulation of energy intake and expenditure are conflicting. 

Nonetheless, epidemiological data indicate that consumption of food containing capsaicin 

is associated with a lower prevalence of obesity [433, 576]. Further, in a clinical trial 

capsinoid supplementation for 12 weeks decreased body weight in overweight individuals 

compared to the placebo control group [577]. In a separate trial, capsinoid 

supplementation for only 4 weeks resulted in a trend towards a decrease in body weight 
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[578]. Under laboratory conditions, dietary capsaicin supplementation had no effect on 

body weight [386] in mice fed a standard laboratory diet. However, in high-fat diet-

induced obese mice, dietary supplementation of capsaicin significantly reduced weight 

gain [386, 473, 579]. Further, reduced weight gain was also observed in high fat diet mice 

after topical application of capsaicin [580]. This appears to be consistent across species 

as a study in rabbits, fed a standard laboratory diet supplemented with cholesterol and 

corn oil, demonstrated that dietary capsaicin reduced weight gain [581]. In contrast, it has 

been shown that a 6 week dietary capsaicin treatment had no effect on body weight in 

high fat diet mice [582]. Weight gain in TRPV1-knockout (KO) mice has been reported 

to be reduced [439], increased [438] or unchanged [235, 583] compared to wild type mice. 

This variability may reflect the study design.  For example, TRPV1 channels can be 

activated by the endogenous ligand AEA [572]. The production of AEA is dependent on 

dietary fat and therefore even slight changes in diet will impact on research outcomes. A 

summary of the effect of TRPV1 on energy homeostasis in humans can be found in Table 

1. The following sections integrate the data on energy intake and expenditure from human 

and animal studies in an attempt to draw some clear conclusions and directions for further 

study. 

3.1 Role of TRPV1 in energy intake 

The effects of capsaicin supplementation on satiety and food intake are illustrated in Table 

1. In human studies, dietary supplementation of a TRPV1 agonist such as capsaicin, or 

the less pungent sweet form capsiate, caused a short-term trend or significant decrease in 

energy intake along with an increase in satiety [422, 423, 426, 435, 443]. These effects 

could at least in part be due to the effect of TRPV1 on appetite hormones and/or 

gastrointestinal vagal afferents. This will be discussed in detail below.  
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Conversely, other data from human [442, 443] and animal studies [428-430, 432, 581] 

suggest that dietary supplementation of capsaicin has no effects on energy intake. This 

could be due to capsaicin mediated TRPV1 desensitisation where food intake is initially 

reduced, due to capsaicin activation of the TRPV1 channel, but shortly returns to normal, 

due to a desensitisation of the channel following the initial transient activation [386]. In 

a Chinese adult cohort study, it has been shown that energy intake depends on the amount 

of chilli consumed with individuals with chilli consumption below 20g per day and above 

50mg per day having reduced and increased energy intake respectively, compared to non-

consumers [433].  Therefore, it is possible that at low levels of consumption capsaicin 

activates TRPV1 leading to a reduction in food intake and at high levels it could be 

desensitising TRPV1 leading to an increase in food intake. However, this is highly 

speculative and requires further investigation.  

Dietary supplementation of capsaicin can also influence nutrient preference. It has been 

demonstrated that capsaicin ingestion reduced the desire for and subsequent intake of 

fatty foods [423, 435, 436], whilst also increasing the desire for and intake of 

carbohydrates [435, 443]. Conversely, in other studies, capsaicin ingestion reduced the 

desire for and consumption of carbohydrates, and increased the desire for salt rich foods 

[423, 437]. The sensory mechanisms responsible for the changes in food preferences 

remain to be determined. 
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Table 8.1: Effects of Capsaicin Supplementation on food intake and metabolism in 

Humans 

 

 

Capsaicin 

Dosage 

 

Duration 

 

Appetite 

Effects 

Metabolic Effects 
 

Reference Energy 

Expenditure 

RQ 

Value 

Blood 

Glucose 

Capsaicin 

(7.68mg/day) 

 

36 hours 

↓ Energy 

Intake Trend 

↑ Satiety 

- - - [422] 

Chilli 

(1.03g/meal) 

24 hours 
↑ Satiety 

↑ 

Thermogenesis 
- - [426] 

Capsaicin 

(7.68mg/meal) 

 

24 hours No Effects 

↑ Energy 

Expenditure 

↑ Fat Oxidation 

↓ - [442] 

Chilli 

(1g/meal) 

1 meal ↓ Energy 

Intake 

↑ Satiety 

Trend 

↑ Energy 

Expenditure 
↓ - [423] 

Chilli 

(0.3g/meal) 

5 meals 
No Effects - - - [443] 

Chilli 

(1.03g/meal) 

 

1 meal 

↑ Plasma 

GLP-1 

↓ Plasma 

Ghrelin Trend 

No effect - - [440] 

Capsaicin 

26.6mg 

1 meal 
- - - ↓ [584] 

Capsaicin + 

green tea 

3 weeks ↓ Energy 

Intake 

↑ Satiety 

- - - [427] 

Chilli 3g + 

caffeine 

200mg 

 

24 hours 

↓ Energy 

Intake 

↓ Fat Intake 

↑ Energy 

Expenditure 

↑ SNS Activity 

- - [444] 

Capsaicin 

150mg 

1 meal 
- ↑ Fat Oxidation ↓ - [425] 

Chilli 

0.9g/meal 

 

2 days 

↓ Energy 

Intake 

↑ Satiety 

- - - [435] 

Chilli with 

meal 

 

1 meal 

↓ Energy 

Intake Trend 

↓ Fat Intake 

- - - [436] 

Capsaicin 

3.5mg with 

glucose drink 

 

1 meal - - - ↓ [585] 

Capsaicin 

135mg/day 

 

3 

months 

↓ Plasma 

Leptin (likely 
↑ Fat Oxidation ↓ ↓ [445] 
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due to weight 

loss) 

Capsaicin 

3mg/meal 

 

 

1 meal - 

↑ Energy 

Expenditure 

↑ SNS activity 

Effects lost in 

obesity 

- - [586] 

Chilli 6g in 

appetiser 

 

1 meal 

↓ Energy 

Intake 

↓ 

Carbohydrate 

Intake 

↑ SNS activity - - [437] 

Chilli 

10g/meal 

 

1 meal 

↓ Energy 

Intake Trend 

↓ Protein and 

fat Intake 

↑ 

Thermogenesis 

↑ Fat Oxidation 

↓ - [437] 

Chilli 10g 

before meal 

1 meal 
- No effect ↑ 

No 

effect 
[431] 

Chilli 

10g/meal 

1 meal 
- No effect ↑ - [587] 

 

 

3.1.1 TRPV1 and appetite hormones 

There is evidence to indicate that TPRV1 interacts with appetite regulating hormones, 

most notably, ghrelin, leptin, and glucagon-like peptide-1 (GLP-1). Ghrelin is an 

orexigenic peptide mainly expressed in the stomach as an endogenous ligand for the 

growth hormone secretagogue receptor (GHSR) [483]. It is involved in many processes 

including appetite regulation, secretion of gastric acid, gastrointestinal motility, and 

regulation of energy storage [588]. It has been reported that TRPV1 activation reduced 

plasma ghrelin levels [589], which may account for the reduced food intake observed 

after capsaicin supplementation [422, 423, 426, 435, 443]. However, this requires more 

intensive investigation. Within the stomach ghrelin maybe involved in the interaction 

between the endocannabinoid system and TRPV1. CB1 receptors co-expressed with 

ghrelin in specialised cells within the stomach wall [249]. Ghrelin reduces gastric vagal 
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afferent mechanosensitivity, in a manner dependent on nutritional status, via action at 

GHSR expressed on vagal afferents [590-593]. Therefore, although the eating stimulatory 

effects of ghrelin are not thought to be mediated by vagal afferents [592], ghrelin acting 

on vagal afferents may impact on the amount of food consumed after the initiation of a 

meal. Inhibition of CB1 decreases gastric ghrelin secretion with subsequent, vagal 

afferent mediated, reductions in food intake [249]. Therefore, part of the effect of 

endocannabinoids on vagal afferent activity maybe mediated indirectly via the activation 

of CB1 on ghrelin-producing cells. It is conceivable that the inhibitory effects of ghrelin 

are mediated via TRPV1 considering that, in the CNS, ghrelin effects on supraoptic 

magnocellular neurones are mediated via TRPV1 [441]. Similar, interactions with the 

endocannabinoid system are observed centrally in areas associated with appetite 

regulation, including the hypothalamic arcuate and paraventricular nuclei [377]. A 

comprehensive investigation of the interactions between the endocannabinoid system, 

ghrelin and TRPV1 is required to fully understand their role in appetite regulation. 

Leptin is a satiety hormone produced and secreted in proportion to the amount of white 

adipose tissue (WAT). Data suggests that it is also secreted by gastric cells [594]. There 

is evidence to suggest that TRPV1 and leptin may interact, since TRPV1 -/- mice exhibit 

increased basal leptin levels, even when normalised to WAT mass [438]. Exogenous 

administration of leptin normally results in decreased food intake; however, this was not 

observed in TPRV1 -/- mice [438]. Furthermore, there is evidence for direct interactions 

between leptin and TRPV1 in certain brain stem regions. For example, TRPV1 activation 

increased the frequency of miniature excitatory synaptic currents in leptin receptor 

containing neurons of gastric-related dorsal motor nucleus of the vagus (DMV) [595]. 

These data suggest that TRPV1 may mediate the effects of leptin; however, further 
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research is needed to substantiate these claims and to determine if leptin effects in the 

periphery are also mediated through TRPV1. 

GLP-1 is a peptide hormone secreted by intestinal L-cells, pancreatic α-cells, and neurons 

in the brainstem and hypothalamus [596]. Evidence suggests it is involved in appetite 

regulation, gastric emptying, gastrointestinal motility [597], insulin secretion, and 

glucagon inhibition [598]. Capsaicin supplementation enhanced the increase in plasma 

GLP-1 levels observed after a meal  [589] suggesting TRPV1 channel activation may 

play a role in GLP-1 secretion. This requires further investigation but has the potential to 

be a peripheral target for the treatment of obesity and/or diabetes.  

3.1.2 TRPV1 and gastrointestinal vagal afferents 

Gastrointestinal vagal afferents are an important link between the gut and brain. They 

relay information on the arrival, amount and nutrient composition of a meal to the 

hindbrain where it is processed and gastrointestinal reflexes are coordinated with 

behavioural responses and sensations such as satiety and fullness [79, 204, 599]. The role 

of gastrointestinal vagal afferents in the control of food intake has been extensively 

reviewed previously [600]. Briefly, as food is ingested the vagal afferents innervating the 

stomach respond to mechanical stimulation as undigested food enters, fills and distends 

the stomach wall. There are two fundamental classes of mechanosensitive vagal afferent 

ending in the stomach according to location and response to mechanical stimulation [601, 

602]: mucosal receptors respond to fine tactile stimulation and tension receptors respond 

to distension and contraction of the stomach wall. Gastric mechanosensitive vagal 

afferents can be modulated by gut hormones and adipokines in a nutritional status 

dependent manner [591, 603, 604]. As gastric emptying occurs, nutrients enter the small 
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intestine and interact with nutrient receptors on the surface of specialised cells within the 

intestinal mucosa. This initiates an intracellular cascade that culminates in the release of 

gut hormones [600]. These hormones can act in a paracrine fashion on vagal afferent 

endings innervating the small intestine and/or act as true hormones by coordinating 

activities within the gut or by entering the circulation and acting in the brain. 

It has been demonstrated that TRPV1 is expressed in rat duodenal [605], mouse jejunal 

[606] and mouse gastric vagal afferents [235, 387]. Activation of TRPV1, by 

oleoylethanolamide (OEA), caused depolarisation of nodose neurones and decreased 

short-term food intake [607]. Further, OEA increased gastric vagal afferent tension 

receptor mechanosensitivity in lean but not high fat diet-induced obese mice [235]. In 

standard laboratory diet fed TRPV1-/- mice, the response of gastric vagal afferent tension 

(but not mucosal) receptors to mechanical stimulation was reduced compared to 

TRPV1+/+ mice [235, 387]. This was associated with an increase in food intake in the 

standard laboratory diet fed TRPV1-/- mice  [235]. However, the increase in food intake 

could also be due to the involvement of TRPV1 in gut hormone release [435, 440] or its 

interaction with leptin in central regions, such as the DMV [595], as described in detail 

above. Nonetheless, this data suggests that TRPV1 is involved in gastric vagal afferent 

signalling.  

In high fat diet-induced obese mice the response of gastric tension receptors to distension 

was dampened [235] an effect also observed in jejunal vagal afferents [608]. Gastric 

tension receptor mechanosensitivity in high fat diet-fed TRPV1-/- mice was not 

significantly different compared to standard laboratory diet fed TRPV1-/- mice [235]. This 

suggests that disrupted TRPV1 signalling plays a role in the dampened vagal afferent 

signalling observed in high fat diet-induced obesity, however, this requires further 
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investigation. Interestingly, CB1 receptors are also expressed in vagal afferent neurons 

[609, 610] and therefore it is conceivable that there is an interaction between TRPV1 and 

CB1 in gastric vagal afferent signalling, however, this has yet to be confirmed.  

3.2 Role of TRPV1 in energy expenditure 

There is increasing evidence that capsaicin ingestion may have desirable metabolic 

outcomes such as increased metabolic rate and fat oxidation. It was reported that dietary 

capsaicin supplementation lowered the respiratory quotient indicating decreased 

carbohydrate oxidation and increased fat oxidation [423, 425, 442, 445]. In contrast, there 

is data demonstrating that dietary capsaicin increased the respiratory quotient [431, 587]. 

The differences in study design, which may account for the different outcomes, include 

method of ingestion (capsule vs meal), active ingredient (capsinoid vs capsaicin) and the 

population studied (habitual chilli consumers, non-habitual, normal weight, overweight, 

fitness level). For example, the study by Lim et al. specifically used ‘runners’ for their 

investigation [431]. There is some evidence that capsaicin can elevate energy expenditure 

by action on the sympathetic nervous system (SNS) or adipose tissue; this is discussed 

below. 

3.2.1 TRPV1 and the sympathetic nervous system 

The SNS is involved in many processes and is probably best known for its involvement 

in the ‘flight or fight’ response. Dietary supplementation of capsaicin increases 

postprandial SNS activity [437, 444, 586]. Capsaicin excites TRPV1 containing afferent 

nerves, carrying a signal to the spinal cord [611]. Efferent nerves are then excited by the 

central nervous system leading to elevated catecholamine (e.g. epinephrine, 

norepinephrine, and dopamine) release from the adrenal medulla [611-613]. 
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Catecholamines can bind β-adrenergic receptors increasing expenditure and thermogenic 

activity [587, 614]. This suggests that TRPV1 may directly stimulate heat production. 

Further, these effects of TRPV1 on SNS activity are lost in obese subjects suggesting 

TRPV1 dysfunction in obesity [586].  

 

3.2.2 TRPV1 and adipose tissue 

Adipose tissue plays a key role in energy homeostasis [615]. WAT generally stores excess 

energy as lipids, and oxidises these stores when required, whereas, brown adipose tissue 

(BAT) is specialised for energy dissipation [616, 617]. TRPV1 has been shown to be 

expressed in 3T3-L1 and HB2 adipocyte cell lines, brown adipocytes, BAT and WAT 

[618-621]. Data indicate that TRPV1 may prevent the development of mature adipocytes 

from pre-adipocytes, and decrease their lipid content by increasing lipolysis [386]. This 

may partially explain the decreased lipid accumulation during dietary supplementation of 

capsaicin. Further, it has been demonstrated that capsaicin induces browning in 

differentiating 3T3-L1 preadipocytes [618]. Therefore, TRPV1 could be involved in the 

browning of WAT and the thermogenic activity of brown adipose tissue (BAT). The 

levels of TRPV1 mRNA in BAT and WAT are reduced in HFD-induced obesity and 

leptin receptor deficient mice [621] suggesting possible involvement in the development 

of obesity.  

Browning is a process whereby WAT becomes thermogenic in nature, similar to BAT. 

The calcium influx from TRPV1 activation may mediate this process by activating the 

peroxisome proliferator-activated receptor gamma (PPARγ) and positive regulatory 

domain containing 16 (PRDM16) pathways [429]. Calcium binds and activates 
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calmodulin-dependent protein kinase II (CaMKII) leading to the subsequent activation of 

adenosine monophosphate activated protein kinase (AMPK) and sirtuin-1 (SIRT-1). 

SIRT-1 deacetylates PRDM and PPARγ causing browning events such as thermogenesis 

(Figure 4) [429]. 

 

 

Figure 8.4: Browning of WAT by TRPV1 activation.  

Activation of TRPV1 results in Ca2+ influx and the subsequent activation of CaMKII. 

CaMKII facilitates the subsequent activation of AMPK and SIRT1 allowing the 

deacetylation of PRDM16 and PPARγ allowing their interaction and promotion of WAT 

browning. 

 

TRPV1 activation may also promote BAT thermogenesis either through modulation of 

the SNS or via direct activation of BAT. However, research in this area is limited. The 

PPARγ and PRDM16 pathway, previously mentioned in WAT, has been shown to be 

activated by TRPV1, via SIRT1, in BAT [428, 429]. Further, SIRT1 also activates 

peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α). PGC-1α 
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transcriptionally activates PPARα subsequently leading to the production of uncoupling 

protein-1 (UCP-1) [428]. UCP-1 is a mitochondrial protein that uncouples the respiratory 

chain triggering a more efficient substrate oxidation and thus heat generation [622]. 

Lastly, TRPV1 activates bone morphogenic protein 8b in BAT, which also contributes to 

thermogenesis (Figure 5) [428]. 

 

Figure 8.5: TRPV1 mediated activation of thermogenic activity in BAT.  

The calcium influx activates CaMKII leading to the eventual activation of SIRT1 and 

deacetylation of PRDM16 and PPARγ. SIRT1 also activates PGC-1α leading to the 

activation of PPARα. PGC-1α and PPARα transcriptionally activate UCP-1. TRPV1 also 

activates BMP8b which, along with UCP-1, PRDM, and PPARγ, cause increased 

thermogenic activity. 

 

Regulation of BAT by TRPV1 can also be via an indirect mechanism through modulation 

of the SNS. Activation of TRPV1 in the gastrointestinal tract, by capsaicin or its 

analogues, has been shown to enhance thermogenesis and activate UCP-1 in BAT in mice 
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[623, 624] via a mechanism mediated via extrinsic nerves innervating the gastrointestinal 

tract [624]. This is consistent with reports that TRPV1 ligands (capsaicin and acid) 

increase gastrointestinal afferent activity [460, 625] via TRPV1 [625].  Further, it has 

been demonstrated that ingestion of capsinoids increases energy expenditure through 

activation of BAT in humans [626]. Gastrointestinal vagal afferents have central endings 

in the nucleus tractus solitaries (NTS). The NTS has projections to BAT  [627] where it 

regulates the sympathetic tone to BAT [628] and has been directly implicated in the 

control of thermogenesis [629, 630]. Lipid activation of  duodenal vagal afferents has 

been shown to increase BAT temperature via a cholecystokinin dependent mechanism 

[631] . In contrast, it has been reported that vagal afferent activation decreases BAT 

sympathetic nerve activity and BAT thermogenesis in rats [632]. Further, glucagon-like 

peptide-1 activation of gastrointestinal vagal afferents leads to a reduction in energy 

expenditure and BAT thermogenesis in mice [633]. It is possible that different subtypes 

of gastrointestinal vagal afferent have different roles in the control of BAT thermogenesis, 

however, this requires further investigation along with the role of TRPV1 in this gut-

brain-BAT pathway.  

Capsaicin can also evoke a heat-loss response which could conceivably result in 

compensatory thermogenesis to maintain thermal homeostasis. Capsaicin evoked 

complex heat-loss responses have been shown in various mammals including the rat, 

mouse, guinea-pig, rabbit, dog, goat and humans [634]. In humans, cutaneous 

vasodilation and sweating in response to hot chilli consumption is well recognised [634]. 

In the rat it has been demonstrated that capsaicin elicited cutaneous vasodilation resulting 

in a reduction in core body temperature [635]. Simultaneously, capsaicin also enhanced 

heat production [635]. In these experiments, it appeared that capsaicin independently 
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activated pathways for heat production and heat loss and therefore the observed 

thermogenesis may not be a simple compensatory mechanism in response to heat loss, 

however, this requires further investigation.    

4. Involvement of TRPV1 in diabetes 

4.1 Type 1 diabetes 

Insulin is a hormone, secreted by β-cells of the pancreatic islets, which regulates blood 

glucose levels. Type 1 diabetes is an autoimmune disease involving T cell-targeted 

destruction of pancreatic β-cells. TRPV1 is expressed in sensory nerves innervating the 

pancreas. Chemical denervation of these TRPV1 containing pancreatic afferents, using 

high doses of capsaicin (approximately 150mg/kg body weight), significantly reduced 

blood glucose levels and increased plasma insulin [636], suggesting that TRPV1 

containing pancreatic afferents negatively regulate insulin secretion. Further, chemical 

destruction of TRPV1 expressing neurons in neonatal mice [637] was able to protect the 

mice from autoimmune diabetes [638]. Chemical denervation of TRPV1 containing 

pancreatic afferents significantly reduced the levels of pre-type 1 diabetes immune 

markers such as CD4+ and CD25+ T-regulatory cells in pancreatic lymph tissue and 

reduced the infiltration of CD8-CD69 positive effector T-cells [638, 639]; immune cells 

implicated in the destruction of pancreatic islets in type 1 diabetes. However, as the 

afferents are destroyed and the treatment is not selective for TRPV1, it is plausible that 

the observed effects have nothing to do with TRPV1. Pancreatic islets also include 

resident dendritic cells which are generally believed to express TRPV1 [640-642] 

although there is some controversy [643]. Activation of TRPV1 channels on dentritic 

cells could activate cell function including antigen presentation to CD4+ T cells. Further, 
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TRPV1 channels have been shown to be expressed on rat pancreatic β-cells where they 

control the release of insulin leading to reduced blood glucose levels [644] and capsaicin 

has been shown to reduce blood glucose by increasing insulin levels in a streptozotocin-

induced diabetic rat model [645]. Taken together, these data suggest that TRPV1 may 

influence insulin secretion and type 1 diabetes acting via a number of different cell types 

within the pancreas 

4.2 Type 2 diabetes 

Insulin resistance, closely linked to obesity [646], occurs when cells are less responsive 

to insulin. As a consequence there is reduced blood glucose uptake leading to increased 

blood glucose levels. Pancreatic β-cells normally respond to this by increasing output of 

insulin to meet the needs of the tissues. Development of type 2 diabetes stems from a 

failure of the β-cells to adequately compensate for insulin resistance [647]. It has been 

demonstrated that postprandial insulin levels were lower after the consumption of a 

standardised meal seasoned with cayenne pepper [648]. As the plasma glucose levels 

were not significantly different from the control group the authors suggested that glucose 

clearance occurred similarly with lower levels of insulin, implying increased insulin 

sensitivity after the consumption of the hot meal. Further, consumption of chilli has been 

shown to decrease postprandial insulin levels in obese subjects [649]. In support of these 

studies, TRPV1-/- mice have been shown to be more insulin resistant than wild type mice 

[438]. 

Type 2 diabetes is believed to be associated with inflammation [650, 651]. It is believed 

that inflammation in the pancreas leads to an increase in the activity of TRPV1 which 

contributes to increasing levels of calcitonin gene-related peptide (CGRP) [652]. CGRP 
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is known to promote insulin resistance and obesity by decreasing insulin release from β-

cells [653]. 

5. TRPV1 as a pharmacological target for obesity and diabetes 

Behavioural interventions (e.g. diet and exercise) alone are seldom sufficient for the 

intervention of obesity and diabetes. Combining behavioural and pharmacological 

approaches is becoming increasingly more attractive. However, pharmacological 

interventions can have hard to access targets and/or adverse side effects. TRPV1 is 

present in the periphery making it an easily accessible target compared to drugs that target 

the central nervous system. However, TRPV1 interacts with other systems and shares 

pathways commonly used by other signalling molecules. Therefore, without a clear 

understanding of the interactions of TRPV1 with other systems, the targeting TRPV1 for 

the treatment of obesity and diabetes is unlikely to be successful, as evident from the 

numerous contradictory studies looking at the effect of capsaicin analogues on food intake 

and weight gain. Data suggest that manipulation of TRPV1 may be possible in such a 

way to reduce or eliminate any unwanted side effects. For example, three different 

TRPV1 ligands known to antagonise TRPV1 had different effects on thermoregulation 

(e.g. hyperthermia, hypothermia, or no effect) [654]. In fact, TRPV1 can be manipulated 

in such a way, by action at different domains, to eliminate some functions of the TRPV1 

channels without affecting others. For example, some antagonists block activation by 

capsaicin and high temperatures but not activation by low pH [537], and other antagonists 

block activation by capsaicin but not the activation by high temperature [655]. However, 

this raises further questions on whether, for example, the observed effects are cell type 

specific. Again, this highlights the lack of fundamental knowledge on the role of TRPV1 
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in energy homeostasis and therefore the current challenges of targeting TRPV1 for the 

treatment of obesity.   

6. Conclusion 

TRPV1 appears to be involved in energy homeostasis at a number of levels. In the 

periphery, TRPV1 activation or inhibition can have an impact of appetite and food intake 

through the control of appetite hormone levels or via the modulation of gastrointestinal 

vagal afferents, important for determining meal size and meal duration. In addition, 

TRPV1 plays a role in energy expenditure via heat production, either via direct 

thermogenesis or as a compensatory mechanism in response to TRPV1 induced heat-loss. 

Dietary supplementation with TRPV1 analogues, such as capsaicin, has yielded 

conflicting results with some studies demonstrating a decrease in food intake and increase 

in energy expenditure and others indicating the converse. This is probably reflective of 

the involvement of TRPV1 in a multitude of processes regulating food intake and energy 

expenditure. The story is complicated further by the interaction TRPV1 has with other 

systems involved in energy homeostasis, such as the endocannabinoid system. In 

addition, TRPV1 appears to be dysregulated in obesity, possibly due to alterations in the 

interaction with other systems. Therefore, although it is clear that TRPV1 plays a role in 

energy homeostasis without improved knowledge of the fundamental physiological 

mechanisms involved and the interactions with other systems it is impossible to target 

this system for the treatment of obesity, the maintenance of weight loss and the metabolic 

diseases associated with obesity.  

 

 




