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Abstract 

The obesity epidemic is a critical and global public health burden. Drugs that safely promote weight 

loss are urgently needed to halt the rising prevalence of obesity and its associated complications, such 

as type 2 diabetes (T2D). Gut hormones are important regulators in metabolism and have therapeutic 

potential as treatments for obesity and T2D. The gut hormone peptide YY (PYY) is released from the 

intestine after a meal. Exogenous PYY3–36 suppresses food intake in both rodents and humans, 

including in the obese state. PYY3–36 suppresses appetite by acting on its receptor, the Y2R. Y2R is 

expressed in brain appetite centres but also in the afferent vagus nerve, the main neuroanatomical 

link carrying information from the gut to the brain. However, the relevant contribution of the afferent 

vagus to the overall effects of PYY3–36 is unknown. Chemogenetic activation of vagal afferent neurones 

results in reduced food intake (surpassing the effects of PYY) and might have altered the immune 

landscape of the gastrointestinal tract. To dissect the role of the Y2R expressed in the afferent vagus, 

we have developed a novel microsurgical technique in the mouse. Our work suggests that vagal Y2R 

mediates the anorectic effect of low dose and endogenous PYY3–36 and that this vagal signalling 

pathway regulates short-term feeding. This anorectic effect was not caused by an aversive response. 

In vitro calcium imaging confirmed that PYY3–36 directly activates vagal afferents. Chronic treatment of 

diet-induced obese (DIO) mice with a long-acting PYY3–36 analogue, Y242, did not cause a significant 

body weight loss. Longitudinal tracking of individual islet function using a novel imaging platform 

allowed to study the effect of diet and Y242 treatment. Chronic Y242 did not improve or worsen islet 

function in obese mice. Therefore, PYY-based treatments might not be suitable as a single agent but 

have potential in combination with other gut-hormones. Vagus nerve neuromodulation has shown 

potential as an anti-obesity therapy and the work in this thesis adds to a better understanding of vagal 

afferent function which will help optimise therapeutic interventions.    
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1.1. Obesity and diabetes 

Obesity and overweight are defined by the World Health Organisation (WHO) as an abnormal or 

excessive accumulation of fat that may impair health. Although the causes are heterogenous, the 

fundamental cause is the energy imbalance between energy consumed and energy expended.  

Clinically, obesity and overweight are mainly defined by body mass index (BMI), which is weight in 

kilograms divided by the square of height in meters (World Health Organization, 2020). Overweight is 

defined as a BMI greater or equal to 25 kg/m2 while obesity is a BMI greater than or equal to 30 kg/m2. 

Worldwide, the prevalence of obesity has nearly tripled since 1975. In 2016, the WHO reported that 

39% of adults worldwide were overweight and 13% were obese (World Health Organization, 2020). 

With the current trend, 1 in 5 adults worldwide will be obese by 2025 (World Obesity, 2020). These 

increases have been driven by factors including easy accessibility to food and the shift to a more 

sedentary lifestyle. Obesity is a global health concern and does not only affect high-income countries. 

Many countries where undernutrition prevails are now facing a double burden of malnutrition.  

 

Obesity is a major risk for the development of type 2 diabetes (T2D), a condition that causes high 

blood glucose levels due to a dysfunctional insulin release in the setting of peripheral insulin 

resistance, the complications of which remain the leading causes of blindness and renal failure (World 

Health Organization, 2016). High BMI is also a major risk factor for other common non-communicable 

diseases (NCD), such as cardiovascular disease and some cancers (World Health Organization, 2020). 

Despite the high cost of obesity and its medical consequences on healthcare systems, compounded 

by the indirect costs, such as reduced productivity and quality of life, it has not yet been possible to 

develop an effective and safe weight-loss drug.  

1.1.1 Current anti-obesity treatments 

Lifestyle interventions are the cornerstone for the management of overweight/obesity and other 

NCDs, including T2D and cardiovascular disease. They aim to achieve an energy balance and a healthy 

body weight by dieting (in general, limiting the intake of fats, sugar and salt and increasing the 

consumption of healthy foods, such as vegetables and whole grains), and regular physical activity 

(World Health Organisation, 2004). However, patients have poor adherence to lifestyle changes 

(Dansinger et al., 2005; Burgess, Hassmén & Pumpa, 2017) and, after weight loss, physiological factors 

(e.g., compensatory reductions in energy expenditure and changes in circulating appetite-regulatory 

hormones) can promote weight regain (Greenway, 2015). 
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1.1.2 Bariatric surgery 

At present, the most effective and enduring anti-obesity treatment is bariatric surgery. It is a major 

gastrointestinal surgery usually only available for the most severe cases of obesity.  Bariatric surgery 

is indicated for patients with BMI ≥ 40 kg/m2 or a BMI between 35 and 40 kg/m2 and an obesity-related 

condition (National Institute for Health and Care Excellence, 2014). In addition, these patients must 

have tried non-surgical treatment options that failed to achieve clinically beneficial weight loss. The 

Swedish Obese Subject trial (ClinicalTrials.gov., 2011) was the first long-term prospective study 

examining the effects of bariatric surgery (Sjöström, 2013). Bariatric surgery results in around 20-30% 

body weight loss and attenuates or reverses many obesity-associated diseases, including T2D, and 

reduces mortality. There are different bariatric surgical procedures available, of which the Roux-en-Y 

gastric bypass (RYGB) is the most popular. The RYGB surgery is based on creating a small stomach 

pouch whose outlet is a Y-shaped limb of the small intestine (Roux limb). Consequently, food does not 

pass through the stomach and the duodenum.  

 

The mechanisms underlying the weight-loss achieved by RYGB have been studied in detail and are 

likely to be multifactorial. A widely accepted hypothesis suggests that a major element of the weight 

loss after RYGB is due to a reduced food intake caused by an increase release of anorexigenic gut 

hormones (see section 1.4.2), such as glucagon-like peptide 1 (GLP-1) and peptide YY (PYY) (Le Roux 

et al., 2006; Pournaras et al., 2010; Beckman et al., 2011). On the other hand, it has also been 

suggested that the surgery could disrupt the vagus nerve, which is the main neural link between the 

gut and the brain, and which is involved in gut hormone action on the brain (Hao et al., 2014). 

In the near future, with the current obesity epidemic, an increasing number of surgeries will be 

needed. However, this is an irreversible procedure involving some risks and complications. Treatments 

that are as effective as bariatric surgery but less invasive are clearly needed. 

1.1.3 Weight loss pharmacotherapy  

Different drug-based weight-loss treatment strategies are under study and have been recently 

reviewed (Srivastava & Apovian, 2018). Various previously developed drugs had been removed due to 

low effectiveness and safety concerns. Rimonabant, an anti-obesity cannabinoid type-1 receptor (CB1) 

antagonist, caused psychiatric adverse effects and was worldwide withdrawn from the market in 2008. 

The centrally acting monoamine-reuptake inhibitor Sibutramine suppress appetite but also caused 

cardiovascular adverse events and was removed in most countries in 2010.  
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Currently, only two anti-obesity pharmacological treatments are available in the UK. Orlistat, licensed 

in 1998, is an inhibitor of gastric and pancreatic lipase (which hydrolyse dietary triglycerides in free 

fatty acids) that reduces fat absorption by approximately 30%. The gastrointestinal side effects (e.g., 

faecal incontinence, flatulence) and the modest weight loss achieved result in many patients stopping 

the treatment. Liraglutide (Saxenda), is a glucagon-like peptide 1 receptor (GLP-1R) agonist that was 

approved in Europe in 2015. Very recently, the latest generation of GLP-1R agonists have shown “game 

changing” weight loss benefits of up to 20 kg in some trials (Wilding et al., 2021).  In addition to its 

effects as an incretin (promoting glucose stimulated insulin secretion), GLP-1 is an anorectic gut 

hormone that also inhibits appetite via both vagal and central mechanisms (Turton et al., 1996; Abbott 

et al., 2005a; Secher et al., 2014; Krieger et al., 2016). This success shines a light on the utility of 

naturally derived appetite inhibitors for the safe treatment of obesity. New therapeutic approaches 

for obesity include exploiting combination gut hormones (see section 1.4.3). 

 

In the US, additional central-acting anti-obesity treatments have been recently approved. In 2012, the 

United States Food and Drug Administration (FDA) approved Belviq XR (lorcaserin), an agonist of the 

5-hydroxytryptamine (5-HT, also known as serotonin) receptor 2C, for weight loss. However, the FDA 

has recently requested the withdrawal of this drug due to an increased risk of cancer (U.S Food and 

Drug Administration, 2020). Also approved in 2012, Qsymia® is a combination treatment 

(phentermine/topiramate) the mechanism of which is not completely understood, but which has 

shown great weight loss efficacy. Contrave® (by Orexigen), a sustained release combination therapy 

of a dopamine and noradrenaline re-uptake inhibitor (bupropion) and a µ-opioid antagonist 

(naltrexone), was approved by the FDA in 2014.  However, none of these drugs have been particularly 

well tolerated or effective in clinical practice and there remains a serious lack of safe, effective weight 

loss medications and none that can recreate the long-term weight loss and mortality reducing benefits 

of bariatric surgery.  

1.2 Energy homeostasis regulation by the brain 

In order to design safe and effective weight loss medications it is vital to understand in depth the 

complex neuroendocrinology of food intake and body weight regulation.  Food intake and energy 

expenditure regulation are controlled by different circuits in the nervous system. Neural networks 

receive and process sensory information from external (e.g., taste, smell) and internal (e.g., meal-

derived gastrointestinal signals, glucose levels) sources. The output, such as eating or neuroendocrine 

actions, is also influenced by behaviours (e.g., vigilance), circadian timing, and other sensory 

information (e.g., reward-aversion, memory).   
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The nervous system is divided into the central nervous system (CNS), which consists of the brain 

and the spinal cord, and the peripheral nervous system, which is formed by nerves that connect the 

CNS to the rest of the body. Within the CNS, autonomic circuits in the hypothalamus and the brainstem 

coordinate energy homeostasis by integrating peripheral signals and modulating other brain regions 

involved in non-homeostatic control of energy balance, such as motivation and reward (Berthoud, 

2011; Gautron, Elmquist & Williams, 2015). 

1.2.1 The role of the Hypothalamus in energy homeostasis 

Energy homeostasis is controlled by subpopulations of neurones located in specific hypothalamic 

nuclei that can interact with other hypothalamic neuron subpopulations as well as with other 

extrahypothalamic sites. Discrete neuronal subpopulations in the arcuate nucleus (ARC) regulating 

energy homoeostasis have been of particular interest in recent years.  

 

 

Figure 1.2.1.1. Schematic diagram of the hypothalamus (lateral view) and the nuclei important in 

energy homeostasis. 

ARC, arcuate nucleus; DMH, dorsomedial nucleus of the hypothalamus; LH, lateral hypothalamic area; 

OC, optic chiasm; PVN, paraventricular nucleus; VMH, ventromedial nucleus of the hypothalamus; 

(adapted from (Neary, Goldstone & Bloom, 2004)). 

 

1.2.1.1 The arcuate nucleus (ARC) 

The hypothalamic ARC is ventrally situated on each side of the third ventricle, above the median 

eminence (ME). The ME is a circumventricular organ, which has an incomplete blood-brain barrier, so 

peripheral nutrients as well as hormones have easy access to the ARC.  
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There are two major ARC neuronal populations involved in the regulation of energy homeostasis. The 

first expresses agouti-related peptide (AgRP), neuropeptide Y (NPY) and γ-aminobutyric acid (GABA) 

(NPY/AGRP neurones) and increases food intake, and the second 

expresses proopiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript (CART) 

(POMC/CART neurones) and decreases food intake. Importantly, GABA tonically inhibits POMC/CART 

neurones (Cowley et al., 2001) Initially, it was observed that adiposity signals such as leptin, activated 

anorectic POMC/CART neurones (Cowley et al., 2001; Benoit et al., 2002) and inhibited orexigenic 

NPY/AgRP neurones (Schwartz et al., 1992, 1996), promoting negative energy balance via the 

melanocortin system. Importantly, other peripheral signals, such as gut hormones, can also modulate 

the activity of these ARC neuronal populations. 

1.2.1.2 The central melanocortin system 

Both POMC/CART and NPY/AGRP neurones interact with intrahypothalamic and extrahypothalamic 

sites to control feeding behaviour and energy homeostasis. These ARC neuronal populations, as well 

as other downstream target neurones, form the central melanocortin circuit. 

 

The melanocortin system regulates endocrine and homeostatic processes, including feeding 

behaviour (Ellacott & Cone, 2006). Melanocortin peptides are derived from POMC precursor hormone, 

which undertakes different enzymatic steps to yield different peptides in a tissue-specific fashion. 

Melanocortin peptides exert their actions by binding to the melanocortin receptors (MC1-R to MC5-

R). MC3-R and MC4-R are involved in energy balance regulation. MC3-R is mainly expressed in the 

hypothalamus and is the only MC-R found in POMC/CART and AgRP/NPY neurones. MC4-Rs are 

located in the other hypothalamic sites and in brainstem. MC4-Rs in the PVN and amygdala are 

involved in food intake suppression (Balthasar et al., 2005). α-melanocyte-stimulating hormone (α-

MSH) is the most potent endogenous MC4-R agonist, while AgRP acts as an endogenous antagonist 

for MC3-R and MC4-R. When POMC/CART neurones are activated by adiposity signals, α-MSH is 

released to act on downstream pathways. Evidence suggests that α-MSH tonic signalling restrains food 

intake, as having a dysfunctional or absent MC4-R results in obesity in rodents and humans (Huszar et 

al., 1997; Vaisse et al., 1998; Yeo et al., 1998). When adiposity and nutritional signals are low, 

NPY/AgRP activation results in the release of AgRP, which inhibits melanocortin signals, increasing 

appetite.  
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Figure 1.2.1.2. Control of food intake by hormones. 

Two sets of neurones in the arcuate nucleus: AgRP/NPY and POMC/CART neurones. By communicating 
with second order neurones, AgRP/NPY and POMC/CART neurones promote or suppress food intake, 
respectively.  They are regulated by circulating factors (e.g., ghrelin, insulin, leptin). AgRP, agouti-
related protein; CART, cocaine- and amphetamine-regulated transcript; GHSR, growth hormone 
secretagogue receptor; LepR, leptin receptor; MC3/4R, melanocortin receptor 3/4; NPY, neuropeptide 
Y; POMC, proopiomelanocortin; Y1R, neuropeptide Y1 receptor. From (Barsh & Schwartz, 2002). 
 
 

1.2.1.3 Other hypothalamic nuclei 

The first-order POMC/CART (anorectic) and AgRP/NPY (orexigenic) neurones of the ARC innervate to 

similar locations in the forebrain. In these sites, they can activate or inhibit second-order neurones by 

the action of neuropeptides, including those of the melanocortin system (α-MSH and AgRP), GABA 

and NPY. 
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Within the hypothalamic nuclei receiving innervation from the ARC, some of the neuronal 

subpopulations involved in energy homeostasis regulation have been studied. Based on lesioning and 

stimulating studies (Tokunaga et al., 1986), the paraventricular nucleus of the hypothalamus (PVN) 

was originally considered an anorectic nucleus, while the lateral hypothalamic area (LH) was 

considered an orexigenic site. While this model has been superseded by one which recognises that 

different neuronal circuits within a nucleus can have contrasting effects on energy homeostasis, it 

nevertheless remains the case that the PVN mediates important anorectic signalling pathways, and 

the LH contains circuits involved in increasing food intake. 

 

Second-order neurones of the PVN involved in energy balance can express hormones, such as 

oxytocin, corticotropin-releasing hormone and thyrotropin-releasing hormone. These can be 

activated by leptin directly or indirectly via the ARC (Blevins, Schwartz & Baskin, 2004; Nillni, 2010).  

The LH also receives innervation from the ARC. Here, orexin-and MCH-expressing neurones are 

located and believed to signal to promote food intake (Qu et al., 1996; Sakurai et al., 1998; Shimada 

et al., 1998; Ludwig et al., 2001). 

 

 Other nuclei innervated by the ARC involved in energy homeostasis include the ventromedial 

nucleus (VMH) and the dorsomedial hypothalamic nucleus (DMH). These nuclei also communicate 

with the brainstem. 

 

1.2.2 The role of the Brainstem in energy homeostasis 

Whereas the hypothalamus has been traditionally associated with the response to adiposity, the 

brainstem has been more associated with the response to acute food intake. Visceral sensory 

neurones carry gut feedback signals to the brainstem, which relays these signals to hypothalamic 

nuclei and the limbic system, which is involved in the motivation and reward aspects of feeding (see 

section 1.2.3). Within the brainstem, neuronal populations are heterogenous and express a range of 

appetite-regulating neuropeptides also expressed in the hypothalamus, including POMC, CART and 

NPY. Brainstem populations also express the enzymes required for the synthesis of GABA and 

dopamine (Schwartz, 2006). The melanocortin pathway is also present in the brainstem and can 

influence the processing of gut derived neural signals (Zheng et al., 2005). 
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Within the caudal brainstem, the nucleus tractus solitarii (NTS) is key in transmitting information of 

energy-related signals from the periphery to the hypothalamus and other brain areas, but it also 

receives neuronal inputs from midbrain and forebrain areas (Schwartz, 2006).  

1.2.2.1 The nucleus of the tractus solitarius (NTS) 

The NTS is part of the dorsal vagal complex (DVC), which is formed by the nucleus of the solitary tract 

(NTS), the area postrema (AP) and the dorsal motor nucleus of the vagus nerve (DMX).  

The DVC is directly exposed to circulatory satiety signals in response to meal intake via the AP, which 

is a circumventricular organ with an incomplete blood brain barrier, like the ME in the ARC. The 

afferent neurones of the vagus nerve (see section 1.3.1 and 2.1) carry mechanical and chemical 

information from the gastrointestinal tract to the NTS. In contrast, the neurones within the DMX are 

parasympathetic motor neurones projecting to visceral organs (Schwartz, 2006). 

 

The NTS is the primary site receiving sensory information from the gastrointestinal tract. It can 

integrate neural signals from the periphery and from other central regions, including the 

hypothalamus and limbic centres (van der Kooy et al., 1984; Zhang, Fogel & Renehan, 1999; Zhang et 

al., 2003). It is widely accepted that meal-related sensory feedback signals are transmitted via the 

afferent vagus nerve. These mechanosensory and chemosensory vagal afferent neurones, 

communicating information such as gastric load and cholecystokinin (CCK), can activate NTS neurones 

and reduce meal size. The NTS is organized so that neuron subpopulations of different subnuclei 

respond differently to vagal neural signals from the gastric and duodenal compartments (Zhang, Fogel 

& Renehan, 1995).  

 

The NTS can also integrate circulating signals. For example, leptin increases the excitatory response of 

gut-connected NTS neurones in response to gastric load (Schwartz & Moran, 2002). MC4-Rs expressed 

in NTS seem to be involved in mediating the anorexigenic effect of CCK and leptin (Fan et al., 2004; 

Zheng et al., 2010).  

1.2.2.2 The dorsal raphe nucleus 

The dorsal raphe nucleus (DRN) is a brainstem nucleus located in the dorsal midbrain and it is involved 

in reward processing (Liu et al., 2014b) and food intake (Nonogaki et al., 1998) via the serotonin 

system. A recent study identified two distinct DRN neuron populations that respond to the energy 

status and regulate food intake, potentially via a local circuit (Nectow et al., 2017). DRN neurones 

expressing the vesicular GABA transporter Vgat increase feeding and can inhibit DRN neurones 
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expressing the vesicular glutamate transporter VGLUT3, which suppress food intake (Nectow et al., 

2017).  

1.2.2.3 The parabrachial nuclei 

The parabrachial nuclei (PBN) are located in the rostral brainstem, in the pons. The PBN receives 

innervation from the NTS, the spinal cord and the forebrain, and sends projections to other forebrain 

regions, including inhibitory input to the hypothalamus (Palmiter, 2018). PBN neuron populations 

express different neuropeptides of which calcitonin gene-related peptide (CGRP) has received special 

attention for its role in feeding regulation (Carter et al., 2013; Campos et al., 2016). Parabrachial CGRP 

neurones can be activated postprandially and by peripheral gut peptides, such as CCK and GLP-1, and 

its activation suppresses food intake by promoting meal termination (Carter et al., 2013; Campos et 

al., 2016). In addition, activation of these CGRP neurones was sufficient to promote conditioned taste 

aversion, a form of learning in which a novel food is paired with a toxic visceral stimulus, usually lithium 

chloride (Carter, Han & Palmiter, 2015). Parabrachial CGRP neurones receive inhibitory input from 

AgRP neurones (Campos et al., 2016) and send projections to the central nucleus of the amygdala that 

mediate food intake suppresion (Carter et al., 2013)  

1.2.3 Reward pathways 

Apart from homeostatic-regulated systems, mainly controlled by the hypothalamus and brainstem, 

non-homeostatic processes are also involved in energy balance regulation (Berthoud, Lenard & Shin, 

2011). Non-homeostatic or hedonic eating is controlled by cognitive, emotions and reward factors. 

Homeostatic and non-homeostatic signals can modulate and override each other to generate a 

coordinated response (Berthoud, 2011). 

 

Before eating, reward expectancy is determining for the outcome of eating. This involves motivation 

and the appetitive phase (involving visual and smell cues). During the consummatory phase, direct 

pleasure from smell and taste drives consumption until satiation. After the first bout during meal 

intake, other reward signals occur independently of taste receptors and might be mediated by calorie-

rich nutrients (de Araujo et al., 2008).  

 

Cortico-limbic reward centres involved in appetite include hippocampus, nucleus accumbens, basal 

ganglia and amygdala. Within the brain mesolimbic system, dopamine signalling from the ventral 

tegmental area is involved in encoding the rewarding aspects of food. These dopamine neurones 

project to other areas, such as the nucleus accumbens, the central amygdala and the prefrontal cortex. 

Dopamine signalling in the nucleus accumbens is important in both the appetitive phase but also 
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during the consummatory phase (Hernandez & Hoebel, 1988; Hajnal, Smith & Norgren, 2004; 

Berthoud, Lenard & Shin, 2011).  

 

The nucleus accumbens, ventral tegmental area and LH form a circuit in which activation of orexin 

neurones of the LH is linked to consummatory rewards, including food (Harris, Wimmer & Aston-

Jones, 2005). Metabolic signals can also modulate food-related reward. Leptin has been shown to 

modulate dopamine neurones directly as well as indirectly via LH neurones (Leinninger et al., 2009). 

Gut hormones have also been shown to modulate activity in reward centres using functional magnetic 

resonance imaging (fMRI) in humans (Batterham et al., 2007; Malik et al., 2008; De Silva et al., 2011). 

 

The vagus nerve also plays a role in gut-derived reward signals (Shechter & Schwartz, 2018). Using 

optogenetic-mediated activation of vagal sensory neurones and viral tracing, Han and colleagues 

reported that the sensory neurones of the right NG innervating the upper gut excite brain dopamine 

cells in the substantia nigra (a structure in the basal ganglia), via the PBN (Han et al., 2018). More 

recent studies have suggested a role of the vagus nerve in food seeking. A vagal-brainstem circuit has 

been shown to be critical to develop sugar preference (Tan et al., 2020). Post-ingestive sucrose can 

support food seeking by modulation of dopamine neurones of the ventral tegmental area, and this 

effect depended on the vagus nerve (Fernandes et al., 2020).  

1.3 Energy homeostasis regulation by the peripheral nervous system 

The gut-brain axis is crucial for the control of food intake and regulation of energy balance. The 

peripheral nervous system connects the CNS with the rest of the body via different nerves. Within the 

peripheral nervous system, the autonomic nervous system controls involuntary physiological actions, 

such as digestion, and maintains homeostasis. Autonomic neurones can carry information from the 

periphery to the CNS (afferent neurones) or vice versa (efferent neurones). 

 

The autonomic nervous system has been classically divided in the sympathetic nervous system, the 

parasympathetic nervous system and the enteric nervous system. Both the sympathetic and the 

parasympathetic innervate many tissues where they have opposing effects. The sympathetic nervous 

system predominates during “fight-or-flight” situations and mainly has an inhibitory influence over 

the gastrointestinal tract. The parasympathetic nervous system predominates during “rest-and-

digest” conditions, promoting homeostatic processes such as digestion and salivation.  
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The parasympathetic nervous system originates in the brainstem and sacral plexus, and its 

preganglionic fibres, which have long processes, typically synapse on postganglionic fibres, which are 

short, in a ganglion near the target organ. The connection between the preganglionic fibre and the 

postganglionic fibre as well as between the postganglionic fibre and the effector organ is typically 

cholinergic. Preganglionic neurones from the brainstem leave the brain through specific cranial 

nerves.  

1.3.1 The vagus nerve 

The tenth (X) cranial nerve, usually referred as the vagus nerve (see section 2.1), is the largest cranial 

nerve. It is involved in the bi-directional transmission of information between the brain and visceral 

organs, including the gastrointestinal tract and pancreas. Afferent (sensory) neurones carry 

mechanical or chemical information from the gastrointestinal tract to the NTS. The role of the vagus 

nerve in appetite regulation within the gut-brain axis has been of great interest in recent years. Satiety 

signals, such as leptin and some gut hormones, can signal to the vagus nerve, which can ultimately 

mediate appetite suppression via central mechanisms. In addition, the sensitivity of the vagus to these 

signals is reported to be influenced by nutritional and metabolic status. 

1.3.2 The enteric nervous system 

The enteric nervous system (ENS), also referred as the “second brain”, is a network of neural and 

support cells located along the digestive tract that locally regulates gastrointestinal tract functions, 

such as secretion, gut motility and barrier function. They are formed by enteric neurones, enteric glial 

cells and interstitial cells of Cajal that are organised into two ganglionated plexuses, the submucosal 

plexus and the myenteric plexus. Enteric afferent neurones can detect mechanical and chemical 

stimuli that modulate CNS activity (Knauf et al., 2020). The CNS can also signal via sympathetic and 

parasympathetic efferent neurones to alter ENS responses (Furness, 2012). A recently characterized 

microbially-responsive subset of enteric neurones have been reported to modulate blood glucose 

independently of the CNS (Muller et al., 2020a), suggesting that ENS might act autonomously to 

regulate processes beyond gastrointestinal motility or secretion. 

1.4 Energy homeostasis regulation by metabolic hormones 

Peripheral factors, such as nutrients, hormones and cytokines, can directly interact with the brain at 

sites like circumventricular organs or by interacting with afferent neurones.  
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1.4.1 Adiposity signals 

Adiposity signals are factors that circulate in proportion to body fat mass and that can tonically 

signal to the CNS. Leptin and insulin are well established adiposity signals that work as long-term 

homeostatic signals of energy homeostasis. 

1.4.1.1 Leptin 

Leptin is encoded by the ob gene and secreted from white adipocytes into the circulation 

proportionally to fat mass (Zhang Y et al., 1994). Mice with mutations in the ob gene (ob/ob mice) are 

obese, hyperphagic, diabetic and show reduced energy expenditure; administration of exogenous 

leptin can reverse this phenotype (Halaas et al., 1995; Campfield et al., 1996; Pelleymounter et al., 

1995; Halaas et al., 1997). Mutations in the long leptin receptor isoform LeprB in mice (db/db) show a 

phenotype similar to that of ob/ob mice.  

 

Leptin is a peripheral signal of energy storage that can cross the blood-brain barrier and modulate 

neuronal function via LeprB, which is expressed in POMC/CART and NPY/AGRP neurones of the ARC, 

as well as in other neuronal populations and hypothalamic nuclei, such as the PVN (Schwartz et al., 

1996; Cheung, Clifton & Steiner, 1997). Leptin can alter POMC mRNA levels and can also alter the firing 

rate of POMC/CART and AgRP/NPY neurones (Schwartz et al., 1997; Cowley et al., 2001; Takahashi & 

Cone, 2005). Leptin suppresses food intake and increases energy expenditure (Weigle et al., 1995). 

Plasma leptin is significantly higher in obese humans and animals (Maffei et al., 1995; Considine et al., 

1996), which become insensitive to leptin action. This leptin resistance limits the utility of leptin as an 

anti-obesity agent. Lartigue and colleagues suggested that leptin signalling disruption in the vagus 

nerve is involved in the initiation of obesity (de Lartigue, Ronveaux & Raybould, 2014). 

 

In contrast to the classical long-term signalling of energy storage, leptin can regulate energy 

homeostasis in the short-term. Leptin can activate neurones of the NTS involved in gastric distension 

(Huo et al., 2007). Leptin may also regulate short-term energy intake by potentiating the effects of 

CCK (Barrachina et al., 1997) at the level of the afferent vagus (de Lartigue et al., 2012). 

Leptin is constitutively expressed by adipose tissue but it can also be secreted from endocrine cells of 

the gastric mucosa after food intake (Cammisotto & Bendayan, 2012).  

1.4.1.2 Insulin 

Insulin is a hormone secreted from pancreatic β-cells of the islet of Langerhans that has been 

classically associated with glucose metabolism. Insulin reduces blood glucose levels by stimulating 
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glucose uptake in liver, muscle and adipose tissue. In addition, insulin also has an anorectic effect. 

Chronic central administration of exogenous insulin in baboons (Woods, McKay & Stein, 1980) and 

rats (Mcgowan et al., 1993) decreases food intake, and effect also observed after peripheral insulin 

administration (Woods et al., 1984). Insulin can act on POMC/CART and NPY/AGRP neurones of the 

ARC, where it alters the expression of NPY and POMC to promote an anorexigenic response (Schwartz 

et al., 1992; Benoit et al., 2002). Neuron-specific disruption of the insulin receptor increased food 

intake and body weight in mice (Bruning et al., 2000). 

1.4.2 Enteroendocrine cells and gut hormones 

The gastrointestinal tract is key in nutrient sensing, digestion and absorption and is comprised of the 

stomach, small intestine (formed by duodenum, jejunum and ileum) and large intestine. 

Enteroendocrine cells (EECs) of the gut secrete hormones that coordinate the response to food intake, 

insulin secretion and regulate metabolism. Gut hormone release is modulated by molecular 

mechanisms that are influenced by factors, such as nutritional status and intestinal microbiota 

(Gribble & Reimann, 2019). Many gut hormones can also act as neuropeptides or neuromodulators in 

the CNS and peripheral nervous system. 

1.4.2.1 L-cells 

EECs are dispersed along the epithelial layer of the gastrointestinal tract. While they comprise only 

0.1-1% of the gut epithelium, they play crucial roles in the regulation of metabolism. EECs, like other 

intestinal epithelial cells, originate from local LGR5+ stem cell division cycles in the crypts. They 

differentiate from different progenitors moving towards the villus and turn over every few days 

(Cheng & Leblond, 1974; Gribble & Reimann, 2016). They have been traditionally classified according 

to the hormones they produce (Sjölund et al., 1983). For example, X/A cells of the stomach produce 

ghrelin, and L-cells produce GLP-1 and PYY, which are discussed in greater detail below. However, EECs 

can produce combinations of hormones which do not map precisely to the traditional EEC 

classifications (Habib et al., 2012). 

 

L-cells have an apical membrane which faces the gut lumen, and a basolateral membrane which faces 

the interstitial space. The products of food digestion stimulate L-cells by acting on a range of receptors 

or transporters. Stimulation of L-cells by ingested nutrients, which is linked to the local rate of nutrient 

absorption, triggers the secretion of gut hormones (GLP-1 and PYY) (Gribble & Reimann, 2019). L-cells 

are distributed with low frequency in the duodenum and higher number in jejunum, ileum and colon 

(Sjölund et al., 1983). Most of food absorption occurs in the proximal small intestine so it is accepted 

that EECs of the upper gut dominate the increase in plasma levels of gut hormones that contribute to 
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the early postprandial control of appetite. Only long after a meal, ingested nutrients reach the colon 

so it is unlikely that colonic L-cells are involved in appetite control after a meal. However, colonic L-

cells contain an important proportion of endogenous GLP-1 and PYY reserves. Therefore, role of distal 

L-cells is not well understood. Selective chemogenetic-mediated stimulation of distal colonic L-cells 

improved glucose tolerance and reduced food consumption via the GLP-1R and the Y2R (the receptor 

of PYY3-36), respectively (Lewis et al., 2020), suggesting that these cells play a role in energy and glucose 

homeostasis and could be targeted for treating obesity and diabetes.  

 

EECs express a range of receptors, channels and transporters that can sense small molecules in the 

gut lumen produced after food ingestion as well as gut microbiota-derived metabolites (Gribble & 

Reimann, 2016). The sodium-coupled glucose transporter 1 (SGLT-1) depolarises L-cells in response to 

glucose and tightly controls incretin secretion (Gribble et al., 2003). G protein-coupled receptors 

(GPCRs), the largest family of transmembrane receptors, are common sensors of digested nutrients 

(Figure 1.4.2.1.1). Some of these nutrient sensing GPCRs have been linked to gut hormone secretion 

upon binding of molecules, such as amino-acids (e.g., calcium sensing receptor (CasR) (Mace, Schindler 

& Patel, 2012)) or free fatty acids (FFA) (e.g., GPR40/FFA1R (Edfalk, Steneberg & Edlund, 2008)). 
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Figure 1.4.2.1.1. Overview of GPCR signalling through heterotrimeric G proteins. 

GPCRs have a common structure based on 7 transmembrane helical regions, with an extracellular N-

terminal and an intracellular C-terminal. Heterotrimeric G proteins are composed of α, β and δ 

subunits. Upon binding of the extracellular ligand, conformational changes result in the activation of 

G proteins and dissociation of the Gα subunit. Activated Gα and Gβγ activate downstream intracellular 

responses. GPCRs are classified based on the α subunit type. AC, adenylate cyclase; Ca2+, calcium; 

cAMP, cyclic adenosine monophosphate; DAG, diacylglycerol; IP3, inositol triphosphate; PI3Kγ, 

phosphoinositide 3-kinase γ; PLC, phospholipase C; PKA, protein kinase A; PKC, protein kinase C; Rho, 

Ras homolog family; RhoGEF, Rho guanine nucleotide exchange factor. 

 

 

In recent years, the microbiota-gut-brain axis has proved of increasing interest to researchers (Holzer 

& Farzi, 2014; Bonaz, Bazin & Pellissier, 2018). Short chain-fatty acids (SCFA) are produced by the 

microbial fermentation of fibre in the colon, and can be detected by L-cells. Chambers and colleagues 

demonstrated that increasing propionate in the human colon stimulated PYY and GLP-1 release and 

prevented weight gain in overweight humans (Chambers et al., 2015).  

 

In contrast to the classical endocrine and paracrine action of gut hormones, some studies have 

suggested that EECs can also secrete neurotransmitters to rapidly communicate with the brain and 

this can be modulated by gut hormones. More recently, the Bohorquez group has shown that some 
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EECs have structures, termed neuropods, that can interact directly via synapse-like structures with 

enteric neuronal terminals by secreting glutamate to directly activate them (Bohórquez et al., 2015; 

Kaelberer et al., 2018, 2020). In addition, ATP is co-secreted with GLP-1 from EECs and can act to 

modulate vagal afferent signalling (Lu et al., 2019). 

 

 

Figure 1.4.2.2. Overview of sensory and secretory functions of EECs. 

5-HT, 5-hydroxtryptamine(serotonin); CCK, cholecystokinin; GI, gastrointestinal; GIP, gastric inhibitory 

peptide; GLP, glucagon-like peptide; LCFA, long-chain fatty acid; SCFA, short-chain fatty acid. Adapted 

from (Engelstoft et al., 2008). 

 

1.4.2.2 GLP-1 

In pancreatic alpha cells the proglucagon prohormone is processed to generate bioactive glucagon, 

the classical counter regulatory hormone to insulin which, in the fasted state, promotes hepatic 

gluconeogenesis.  However, in the gut and the NTS, proglucagon is differentially cleaved to form the 

peptide hormone GLP-1. There are two active forms: GLP-1 (7-36 amide) and GLP-1 (7-37) (Holst, 

2007).  
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Circulating GLP-1, which is mostly GLP-1 (7-37), is mainly secreted from L-cells postprandially, along 

with PYY and oxyntomodulin (OXM). The main GLP-1 secretion stimuli are macronutrients 

(carbohydrates, fat and protein) and bile acids (Gribble & Reimann, 2021). GLP-1 binds to the GLP-1R, 

to exert its actions (Thorens, 1992). GLP-1R is a GPCR acting via the stimulatory Gs signalling pathway. 

Using Glp1r-Cre mice crossed with reporter strains, Glp1r has been found in metabolically relevant 

tissues including pancreatic β and δ cells, the brain (importantly, in the AP and the hypothalamus) and 

the afferent vagus nerve, as well as in other tissues, such as cardiomyocytes (Richards et al., 2014).  

 

GLP-1 stimulates cAMP-dependent insulin secretion from pancreatic β-cells (Gromada, Holst & 

Rorsman, 1998). It acts to potentiate glucose-stimulated insulin release, an effect known as the 

incretin effect. Glucose-dependent insulinotropic peptide (GIP), secreted from K cells in the 

duodenum, also contributes to this incretin effect (Gasbjerg et al., 2019). At the level of the pancreas, 

GLP-1 also inhibits glucagon secretion from α cells (Nauck et al., 1993) via an indirect, somatostatin-

mediated mechanism (de Heer et al., 2008).  

 

In the gut, GLP-1 along with PYY contributes to the ‘ileal brake’. The ileal brake is a process by which 

the presence of food in the ileum, as a result of fast nutrient flow and incomplete absorption in the 

upper gut, leads to ileal L-cells releasing more GLP-1 and PYY, which slows gastric emptying.  

GLP-1-based treatments are already available for the treatment of obesity and T2D (see section 1.4.3). 

Exogenous GLP-1 can suppress appetite in animals and humans (Turton et al., 1996; Verdich et al., 

2001; Chelikani, Haver & Reidelberger, 2005; De Silva et al., 2011) and this effect is thought to be 

mediated by central GLP-1R. However, whether physiological levels of GLP-1 reach the hypothalamus 

or brainstem to regulate food intake is still unclear. 

 

In mice, preproglucagon neurones of the NTS are the main source of GLP-1 within the CNS (Llewellyn-

Smith et al., 2011). These neurones do not respond to physiological food ingestion but respond to 

large meal ingestion, CCK and leptin (Cork et al., 2015), and are thought to mediate stress-induced 

hypophagia (Holt et al., 2019). Several studies have suggested that the vagus nerve could mediate the 

anorectic effect of GLP-1 (see section 3.1.2.2).  

 

1.4.2.3 Oxyntomodulin 

Oxyntomodulin (OXM) is a 37-amino-acid peptide also derived from preproglucagon. Like GLP-1 and 

PYY, OXM is secreted from L-cells postprandially proportionally to the caloric intake (Le Quellec et al., 

1992). Circulating levels peak at 30 min and remain elevated for several hours. While it has been 
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suggested that there is a as yet uncharacterised OXM specific receptor, current evidence suggests that 

it mediates its biological effects via the GLP-1R, for which it has a moderate affinity, and the glucagon 

receptor for which it has a low affinity (GCGR) (Kerr, Flatt & Gault, 2010).  

 

OXM can reduce food intake following peripheral administration in animals and humans (Cohen et al., 

2003; Baggio et al., 2004; Dakin et al., 2004; Wynne et al., 2005), and can also increase energy 

expenditure, an effect thought to be mediated by the GCGR (Wynne et al., 2006; Tan et al., 2013). 

OXM is thought to reduce food intake via the GLP-1R (Baggio et al., 2004) and has a more potent 

anorectic effect than GLP-1; this may reflect its longer persistence in circulation overcoming its 

ostensibly lower affinity for the GLP-1R (Dakin et al., 2004). In addition, OXM treatment results in a 

lower incidence of nausea than GLP-1 administration (Cohen et al., 2003). OXM reverses obesity in 

mice and is more effective than GLP-1 monotherapy (Pocai et al., 2009). Therefore, OXM is an 

interesting target for obesity treatment. 

 

1.4.2.4 Cholecystokinin (CCK) 

Cholecystokinin (CCK) is a peptide hormone expressed in I cells in the proximal small intestine, which 

like L cells are exposed to the luminal content. CCK is also widely distributed in the brain (Moran & 

Kinzig, 2004). First recognised for its effects on pancreatic exocrine secretion, CCK has subsequently 

been shown to have multiple roles. In the gut, its secretion is stimulated by protein and fat (Pilichiewicz 

et al., 2007). The pre-pro-CCK molecule is the precursor of the multiple bioactive forms of CCK (Moran 

& Schwartz, 1994). Like other gut peptides, CCK exerts its effects by binding to Gq-coupled GPCRs. 

Two CCK receptors have been identified, CCK-RA and CCK-RB, which are located principally in the 

periphery and in the brain, respectively (Moran & Kinzig, 2004). 

 

Acute administration of CCK in lean and obese subjects (Pi-Sunyer et al., 1982) as well as in rats (Gibbs, 

Young & Smith, 1973) reduces food intake. In rats, CCK triggers early meal termination but chronically 

this is compensated by an increase in meal frequency (West, Fey & Woods, 1984). This anorectic effect 

is mediated by local actions via CCK-RA expressed in vagal afferents (Smith et al., 1981a; Garlicki et al., 

1990). CCK can activate both mechanosensitive and chemosensitive fibres. CCK has other functions in 

the gastrointestinal tract, including inhibition of gastric emptying (Moran & McHugh, 1982; Moran & 

Kinzig, 2004).  

 

Importantly, there is a synergistic interaction between CCK and leptin in food intake inhibition 

(Barrachina et al., 1997). The anorectic effect of Leptin-CCK treatment was abolished by a CCK-A 
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antagonist or by sensory afferent ablation (Barrachina et al., 1997). Leptin is thus thought to increase 

the sensitivity of vagal afferents to CCK (de Lartigue et al., 2012). 

 

1.4.2.5 Ghrelin 

Most of the gut hormones are anorexigenic, but the gastric hormone ghrelin and the more recently 

discovered insulin-like 5 peptide (INS5L) are gut peptides known to have orexigenic effects. Ghrelin is 

a 28-amino-acide peptide mainly secreted from X/A cells in the stomach. These cells are not in contact 

with gastric content, suggesting they do not directly sense the presence of nutrients in the stomach 

lumen (Gribble & Reimann, 2019). Ghrelin is synthetised as a pro-ghrelin peptide that is cleaved and 

acylated to generate the bioactive peptide.  

 

In contrast, with anorectic peptides, plasma ghrelin levels increase pre-prandially, and are thought to 

play a role in triggering meal initiation (Cummings et al., 2001), although the mechanisms underlying 

this have not been fully elucidated. After food ingestion, ghrelin levels decrease; it has been suggested 

that this is regulated by nutrient absorption (Williams et al., 2003a). In obese individuals, ghrelin levels 

are lower (Tschöp et al., 2001), while diet-induced body weight loss increases ghrelin levels, which 

may contribute to the lack of success of dieting in most individuals. Exogenous ghrelin increases food 

intake in rats and humans (Wren et al., 2001a, 2001b) and chronic treatment causes body weight gain 

in rats (Wren et al., 2001b). The ghrelin receptor (growth hormone secretagogue receptor, GHSR) is a 

Gq-coupled GPCR that is found in several locations, including ARC, brainstem, pituitary, 

gastrointestinal tract and the afferent vagus nerve (Zigman et al., 2006).  

 

The feeding effects of ghrelin are mediated by ARC NPY/AgRP neurones (Kamegai et al., 2001); mice 

lacking these peptides or these neurones do not increase their food intake in response to ghrelin (Chen 

et al., 2004). Vagotomy and vagal-selective GHSR silencing also block the orexigenic effects of ghrelin, 

suggesting the vagus nerve plays a role in mediating these effects (Williams et al., 2003b; Davis et al., 

2020). This is further discussed in section 3.1.2.4.  

1.4.2.6 PP family 

The PP family members are peptides that share a similar tertiary structure of an alpha helix and 

polyproline helix connected by a beta-turn known as a PP-fold (Holzer, Reichmann & Farzi, 2012). The 

family is comprised of neuropeptide Y (NPY), pancreatic polypeptide (PP) and peptide YY (PYY). While 

NPY and PP are expressed in neurones and endocrine cells respectively, PYY is expressed by both cell 

types. These peptides of the PP-fold family exert their actions via a family of GPCRs named NPY 



 
 

38 
 

receptors (YRs). Five different YRs (Y1R, Y2R, Y4R, Y5R and Y6R) have been characterized and classified 

according to their affinity to NPY, PP and PYY (Cabrele & Beck-Sickinger, 2000). The YRs differ in 

function and distribution but they are all assumed to belong to the inhibitory Gi/o family of GPCRs. 

 

All these peptides inhibit gastrointestinal motility and secretion and are involved in regulating food 

intake and energy homeostasis (Holzer, Reichmann & Farzi, 2012). Synthetic analogues of these 

neuropeptides are under investigation for obesity therapy, such as the dual Y2R/Y4R agonist TM-

30338/Obininepitide (7TM Pharmaceuticals). 

 

NPY is the most abundant neuropeptide in the brain and is expressed by several neuronal populations 

in different regions. Centrally, NPY has a strong orexigenic effect, which is believed to be mainly 

mediated by Y1R and Y5R (Mullins et al., 2001). In the ARC, NPY/AgRP neurones can suppress 

POMC/CART neurones via GABA and NPY, which binds to Y1R (Roseberry et al., 2004).  In the gut, NPY 

is mainly secreted from ENS and postganglionic sympathetic neurones (Cox, 2007). 

 

PP is mainly secreted from pancreatic islet PP cells post-prandially under vagal control, and suppresses 

food intake via selective binding to the Y4R (Sainsbury et al., 2010). Exogenous PP also suppresses 

food intake and increases energy expenditure (Batterham et al., 2003b; Jesudason et al., 2007) but its 

action is limited by its short half-life. PP is believed to act via the hypothalamus, brainstem and/or the 

vagus nerve (Asakawa et al., 2003; Dumont et al., 2007). It was shown that PP binds to Y6R, whose 

expression is critical for regulation of body composition and energy homeostasis (Yulyaningsih et al., 

2014). 

 

PYY is mainly co-secreted from L-cells along with GLP-1 and OXM after meal intake. The truncated 

form PYY3-36, further discussed in section 1.5, potently reduces appetite and is a focus of research into 

anti-obesity treatments.  

1.4.3 Gut hormone-based therapies 

Gut hormones are hormones produced by the enteroendocrine system in response to changes in the 

content of the gut and absorbed nutrients and metabolites. They regulate a range of functions, 

including gastrointestinal motility, gastric acid secretion and pancreatic exocrine secretion, and they 

are also involved in the regulation of food intake and glucose homeostasis. A number of them are 

anorectic (appetite-suppressing), and therefore have potential as anti-obesity drug targets. 
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The gut hormone GLP-1 and its receptor provide the basis of a number of drugs to treat type 2 

diabetes, and more recently, obesity. The first GLP-1R agonist, exenatide (based on exendin-4), was 

approved in 2005, and other agonists such as Liraglutide have subsequently been approved as 

treatments for T2D and obesity. Liraglutide (Victoza) has been available as a T2D treatment since 2009. 

The most common side effects of Liraglutide are gastrointestinal, and include nausea or diarrhoea. 

Liraglutide (Saxenda) at 3.0 mg (once daily) was more effective for weight loss than orlistat (Astrup et 

al., 2009). Liraglutide’s success has demonstrated the potential of gut hormone-based drugs as weight 

loss treatment. However, GLP-1 analogues achieve only modest weight loss (around 8% (Pi-Sunyer et 

al., 2015)) compared to RYGB. One of the main limitations are the gastrointestinal side effects, 

particularly nausea, which may reflect the extreme of the spectrum of GLP-1 anorectic action.  

 

The data from the latest semaglutide studies point to the potential for clinically significant weight loss 

with a single gut hormone agent, yet the real-world data still does not quite match that achieved with 

bariatric surgery.  OXM also has potential as an anti-obesity agent as it binds to both GLP-1R and GCGR 

to supress appetite and increase energy expenditure, respectively. The circulating half-life of OXM is 

still too low for the endogenous molecule to be of practical use as a drug, due to the breakdown by 

dipeptidyl peptidase-IV (DPP-IV). Longer acting analogues are currently being studied, such as TKS1225 

(Druce et al., 2009).  

 

PYY is another gut hormone under investigation as an anti-obesity agent. Batterham and colleagues 

showed that PYY reduces appetite in lean and obese subjects and that lower PYY levels are found in 

the obese state (Batterham et al., 2002, 2003a). Long-acting analogues are currently being studied for 

their utility on obesity (ClinicalTrials.gov, 2012; Rangwala et al., 2020). 

 

The main limitations of using gut hormones are the side effects, mainly nausea, and the short half-life 

due to peptidase-mediated degradation, such as DPP-IV. Oral administration is now possible with the 

advent of oral semaglutide (Wilding et al., 2021), although they require much higher doses to 

overcome gastric breakdown and are not as potent as their parenterally administered alternatives.    

Different strategies have facilitated the design of gut-hormone based treatments with increased 

stability in blood and that achieve sustained elevated plasma levels without causing nausea. These 

include polyethylene glycol (PEG)ylated conjugates, albumin-bound analogues (like Liraglutide 

(Victoza)), slow-dissolving microspheres of exenatide and a long-acting antibody-bound PYY 

(Rangwala et al., 2020). Another limitation of gut hormone-based treatment is tachyphylaxis, i.e., 

acute reduction in the response to a drug after an initial dose or serial doses.  
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After RYGB, there is an increase in postprandial GLP-1, OXM and PYY, and these changes are thought 

at least partly responsible for the weight loss and improved glycemia observed post-surgery. 

Therefore, treatments based in gut hormone combinations could mimic the physiological effects of 

bariatric surgery (McGavigan & Murphy, 2012; Alexiadou, Anyiam & Tan, 2019) and feasibly achieve 

better results than the modest weight loss observed with single gut hormone therapies. The most 

promising combinations are GLP-1 with PYY (Neary et al., 2005), and GLP-1 with glucagon (Cegla et al., 

2014). A combination of GLP-1, OXM and PYY has been shown to be effective in reducing energy intake 

and improving glycaemia in obese subjects (Tan et al., 2017; Behary et al., 2019). In contrast to long-

acting agonist, a continuous subcutaneous infusion of these three hormones allows better regulation 

of tolerability. 

 

1.5 Peptide YY (PYY) 

Peptide PYY is a 36-amino-acid peptide hormone discovered in the 80s that was originally named in 

allusion to the two tyrosine (Y) residues at its terminals (Tatemoto, 1982). It belongs to the PP family 

of peptides (section 1.4.2.6). Two forms of PYY can be found in circulation (Eberlein et al., 1989): the 

full-length peptide, PYY1-36, and the truncated form, PYY3-36. PYY1-36 and PYY3-36 have high affinity to 

different NPY receptors and, consequently, they drive different effects on appetite and glucose 

homeostasis. PYY3-36 exerts its action by specifically binding with higher affinity to Y2R (with low 

affinity for Y1R and Y5R) while PYY1-36 is an agonist of Y1R, Y2R and Y5R (Cabrele & Beck-Sickinger, 

2000). 

1.5.1 Expression of PYY 

PYY is mainly secreted from enteroendocrine L-cells after meal ingestion, along with GLP-1 (Habib et 

al., 2012). Although the highest levels are found in L cells of the distal gastrointestinal tract (rectum, 

colon and ileum) (Adrian et al., 1985; Ekblad & Sundler, 2002), it is also expressed at lower levels in 

the human duodenum (Kim et al., 2005).   

 

Circulating PYY levels are low during fasting and increase within 15 minutes of ingesting food, peak at 

1-2 hours post-ingestion and remain elevated for up to 6 hours (Adrian et al., 1985). PYY levels are 

influenced by caloric intake, macronutrient composition and meal consistency but it is still unclear if 

the most potent macronutrient stimulus of PYY release is protein (Batterham et al., 2006) or fat 

(Adrian et al., 1985). PYY levels then progressively decrease in the fasted state. Plasma PYY increases 
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before nutrients reach the distal gastrointestinal tract suggesting that PYY release is initially triggered 

by a neural reflex (Fu-Cheng et al., 1997).  

 

The full-length peptide, PYY1-36, is cleaved by DPP-IV at the last two N-terminal amino-acids resulting 

the truncated form PYY3-36 (Mentlein, Gallwitz & Schmidt, 1993). PYY3-36 is the main circulating form in 

fed humans and animals (Grandt et al., 1994; Batterham et al., 2006). It is important to consider that 

PYY research has been limited by the ability to specifically detect PYY3-36 instead of total PYY (Manning 

& Batterham, 2014). In addition, PYY levels are higher in the hepatoportal circulation and might be 

more relevant than systemic PYY levels in energy homeostasis (Chandarana et al., 2013), if interactions 

with vagal afferents in the portal vein (a blood vessel transporting blood from the gastrointestinal 

tract to the liver) are an important signalling conduit.  This also raises the broader question of whether 

drug therapies that are delivered orally versus subcutaneously, matched for potency, have variable 

effects due to the preferential activation of alternative signalling pathways.  PYY is also expressed in 

neurones of the CNS (Ekblad & Sundler, 2002), in enteric neurones of the stomach (Böttcher et al., 

1993) and in pancreatic cells (Upchurch, Aponte & Leiter, 1994). 

1.5.2 Function of PYY 

PYY1-36 and PYY3-36 exert their actions via different NPY receptors, which have different distributions, 

so they have different functions. It is widely accepted that peripheral PYY3-36, the main circulating PYY 

form, signals to suppress appetite in animals and humans (Karra, Chandarana & Batterham, 2009; 

Manning & Batterham, 2014). There is little evidence to suggest a role of peripheral PYY1-36 in food 

intake (Chelikani, Haver & Reidelberger, 2004; Unniappan et al., 2006; Sloth et al., 2007).  

 

Central administration of PYY1-36 has orexigenic effects (Karra, Chandarana & Batterham, 2009).  

Intracerebroventricular injection of PYY3-36 also showed orexigenic effect (Corp et al., 2001) but this 

was abolished in Y1R and Y5R KO mice (Kanatani et al., 2000). Since PYY3-36 has some affinity for these 

receptors, this might be a pharmacological effect and, at physiological doses, PYY3-36 might not have 

access to this region. In support of this, direct injection of PYY3-36 into the ARC of the hypothalamus, 

where its receptor Y2R is expressed, had an anorectic effect (Batterham et al., 2002). 

Plasma PYY levels are lower in the obese state (Batterham et al., 2003a), though it is unclear whether 

PYY is involved in the pathogenesis of obesity. Postprandial circulating PYY levels increase after 

bariatric surgery (Pournaras et al., 2010). 

 

PYY may also be involved in glucose homoeostasis and this is discussed in Chapter 4. In the lower small 

intestine, PYY3-36 contributes to the ‘ileal brake’ (Pappas et al., 1986).. Ileal infusion of lipids results in 
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delay of gastric emptying and this is related to PYY levels (Pironi et al., 1993). Immunoneutralization 

of PYY in dogs showed that ileal brake depends on PYY (Lin et al., 1996). Exogenous PYY inhibits gastric 

emptying in healthy subjects (Savage et al., 1987). 

 

PYY might have a role in other physiological processes. Apart from feeding, PYY3-36 is involved in 

modulating multiple behaviours (Stadlbauer et al., 2015). It was recently suggested that PYY is 

involved in the pathogenesis of bone loss (Leitch et al., 2019). NPY-Y2R signalling was suggested to 

play a pathogenic role in kidney disease in a mouse model (Lay et al., 2020). Further research would 

be required to clarify if these would limit the usefulness of PYY based treatments. It is possible that 

the PYY dose that would alter weight or appetite does not alter bone and kidney health.  It is also 

possible that long-term treatment with PYY-based agents require monitorisation of bone or kidney 

health and that is not suitable for specific vulnerable patients. Combination of PYY with other gut 

hormone analogues could also promote weight loss while avoiding the potential side effects of PYY. 

1.5.3 Exogenous PYY3-36 in appetite regulation 

Peripheral administration of PYY3-36 acutely inhibits food intake in mice and rats (Batterham et al., 

2002; Challis et al., 2003; Halatchev et al., 2004; Abbott et al., 2005b; Chelikani, Haver & Reidelberger, 

2006; Koda et al., 2005; Talsania et al., 2005; Scott et al., 2005; Unniappan et al., 2006; Unniappan & 

Kieffer, 2008), including in obese-diabetic rodents (Pittner et al., 2004; Vrang et al., 2006). Initially 

conflicting results in the anorectic ability of exogenous PYY3-36 (Tschöp et al., 2004) were thought to 

be caused by the stress caused by handling and injections, so acclimatisation of animals is critical for 

reproducing these studies (Halatchev et al., 2004). Intrameal acute administration of PYY3-36 in the 

hepatic portal vein also reduced meal size and duration (Stadlbauer et al., 2013).  

 

Chronic treatment with peripheral PYY3-36 also reduced food intake and body weight in rats (Batterham 

et al., 2002; Unniappan et al., 2006; Vrang et al., 2006; Unniappan & Kieffer, 2008) but this was not 

observed in chow-fed mice (Challis et al., 2004). In high-fat diet (HFD)-fed mice, no differences were 

observed in body weight or food intake with chronic treatment of PYY3-36 (Talsania et al., 2005) but 

other group did observe an effect in body weight (Vrang et al., 2006). 

 

In humans, infusion of physiological levels of PYY3-36 to lean subjects reduces food intake (Batterham 

et al., 2002, 2003a; le Roux et al., 2006; Batterham et al., 2007; Sloth et al., 2007). This anorectic effect 

was preserved in obese subjects despite their lower postprandial PYY levels (Batterham et al., 2003a). 

Therefore, in contrast to leptin, sensitivity to PYY appears not to be reduced in the obese state, which 

suggests the PYY system may have potential for weight loss therapy. Other studies have shown that 
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exogenous PYY3-36 can inhibit food intake additively with GLP-1 (Neary et al., 2005; Talsania et al., 

2005; De Silva et al., 2011; Schmidt et al., 2014), leptin (Unniappan & Kieffer, 2008) and in combination 

with GLP-1 and OXM (Tan et al., 2017). 

Acute PYY3-36 administration also inhibits gastric emptying in rodents (Chelikani, Haver & Reidelberger, 

2004; Talsania et al., 2005). In addition, conditioned taste aversion has been observed after PYY3-36 

injection in a dose-dependent manner (Halatchev & Cone, 2005; Chelikani et al., 2006). The 

contribution of these effects to PYY3-36’s anorectic effect is unclear. 

1.5.4 Endogenous PYY3-36 in appetite regulation  

Most of the studies that have revealed an anorectic effect of PYY3-36 are based on exogenous 

administration of PYY. These studies have revealed the pharmacological action of PYY3-36 but it is 

possible that endogenous PYY acts on different sites to regulate energy homeostasis. This is also 

influenced by the short half-life of endogenous PYY (Nonaka et al., 2003; Toräng et al., 2016). 

Regarding endogenous PYY, an attenuation in postprandial PYY release in obese subjects was 

associated with reduced satiety (le Roux et al., 2006). A positive correlation between PYY and satiety 

was also reported (Guo et al., 2006).  

 

Transgenic mice have been used to study the role of endogenous PYY-Y2R signalling. PYY KO mice 

showed increased body weight and adiposity (Boey et al., 2006b). PYY KO mice also showed increased 

food intake after fast-refeeding compared to controls (Batterham et al., 2006). Y2R KO mice showed 

increased body weight but no differences in food intake (Naveilhan et al., 1999). In contrast, 

conditional KO of hypothalamic Y2R showed temporal changes in food intake and body weight 

(Sainsbury et al., 2002). More recently, Boland and colleagues reported that there were no differences 

in daily food intake nor in body weight in HFD-fed or chow-fed Y2R KO mice compared to controls. 

RYGB had similar effects in both groups (Boland et al., 2019).  

 

The main limitation of germline knockout (KO) approaches is the potential for compensatory changes 

during early development, as shown for Y2R (Sainsbury et al., 2002), and this might contribute to the 

discrepancies in the resultant phenotypes. In addition, sex differences have been reported in PYY-Y2R 

signalling in energy homeostasis (Sainsbury et al., 2002; Boey et al., 2006b; Edelsbrunner et al., 2009). 

1.5.5 PYY3-36 in energy expenditure 

Few studies have investigated the role of PYY on energy expenditure (EE). Observational studies in 

humans revealed that fasting PYY levels are negatively correlated with resting metabolic rate (Guo et 

al., 2006). In healthy women, circulating postprandial PYY levels correlated with postprandial EE and 
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with the thermic effect of food (postprandial EE minus resting EE) (Doucet et al., 2008). Infusion of 

PYY3-36 may have increased EE, though this effect did not achieve statistical significance, and caused 

significantly greater fat oxidation as indicated by the respiratory quotient (Sloth et al., 2007). 

 

Mice overexpressing PYY were protected against diet-induced obesity and showed increased 

thermogenesis (Boey et al., 2008). Other studies in mice also observed effects in substrate partitioning 

after PYY3-36 treatment in lean (van den Hoek et al., 2007) and obese mice (Van Den Hoek et al., 2004; 

Adams et al., 2006). Peripheral exogenous PYY3-36 increased locomotor activity in rats (Vrang et al., 

2006). More recently, using mice congenitally deficient in PYY and/or NPY, it was suggested that PYY 

could play a role in locomotor-associated EE, though this effect was sex-dependent (Edelsbrunner et 

al., 2009).  

1.5.6 Y2 receptor 

PYY3-36 exerts its actions by specifically binding with high affinity to Y2R (with low affinity for Y1R and 

Y5R) (Wahlestedt, Yanaihara & Håkanson, 1986; Dumont et al., 1995; Michel et al., 1998). The NPY 

Y2R receptor is a 381-amino-acide protein that is mainly found in presynaptic neurones (Stanić et al., 

2006). Y2R protein expression has been found in many brain regions in mouse, including ARC and NTS 

(Stanić et al., 2006). Importantly, 80% of ARC NPY neurones co-express the Y2R (Broberger et al., 

1997). In the periphery, Y2R has been found in the intestine (Goumain et al., 1998), the vagus nerve 

(Zhang et al., 1997; Abbott et al., 2005a) and within the ENS (Wang et al., 2010).  

 

All YRs, including Y2R, are Gi/o-coupled GPCRs (Fig. 1.4.2.1.1). This signalling pathway results in the 

inhibition of adenylate cyclase and inhibition of cAMP accumulation. It was suggested that Y2R could 

couple to Gq proteins, which activate the PLC/IP3/Ca2+ pathway, in smooth muscle cells (Misra et al., 

2004).  

 

Batterham and colleagues identified that Y2R mediates the anorectic effect of PYY3-36. Exogenous 

peripheral and intra-ARC PYY3-36 induced a reduction in food intake in rodents but the anorectic effect 

of peripheral exogenous PYY3-36 was abrogated in global Y2R KO mice (Batterham et al., 2002). In 

addition, other studies showed that the Y2R antagonist BIIE0246 administered in the ARC or i.v. 

abolished PYY3-36-mediated appetite suppression (Abbott et al., 2005b; Scott et al., 2005; Talsania et 

al., 2005). 
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1.5.7 Mechanism of PYY3-36 in appetite signalling 

The mechanism by which PYY3-36 inhibits appetite has not been fully elucidated. It is widely accepted 

that Y2R mediates the effects of PYY3-36. However, the site or sites of action mediating the anorectic 

effects of PYY3-36 are not fully understood. The most accepted mechanism was proposed by Batterham 

and colleagues (Batterham et al., 2002).  Peripheral PYY3-36 injection increased expression of cFos, an 

early gene used as neuronal activation marker, in POMC neurones in the ARC. This cFos induction by 

PYY3-36 has also been reported by others (Koda et al., 2005; Abbott et al., 2005a; Blevins et al., 2008; 

Stadlbauer et al., 2013). Electrophysiological studies in POMC-GFP neurones showed that PYY3-36 

increased the firing rate and reduced the frequency of GABA release. NPY neurones tonically inhibit 

POMC neurones via GABA and express the Y2R, which is an auto-inhibitory presynaptic receptor 

(Broberger et al., 1997; Cowley et al., 2001). It was therefore suggested that PYY3-36 acts by inhibiting 

NPY neurones and, consequently, disinhibiting POMC neurones. Therefore, circulating PYY3-36, which 

can cross the blood-brain barrier (Nonaka et al., 2003), might access central Y2R through the median 

eminence, and act in food intake via the melanocortin system. Other electrophysiological studies 

reported that PYY3-36 inhibited both POMC and NPY neurones (Acuna-Goycolea et al., 2005). 

 

However, the anorectic effects of peripheral exogenous PYY3-36 are preserved in POMC KO (Challis et 

al., 2004), MC4R KO (Halatchev et al., 2004) and Agouti KO mice (Martin et al., 2004). Therefore, 

peripheral PYY3-36 do not require the melanocortin system for its anorectic effects, though it does seem 

likely that PYY3-36 can regulate the melanocortin system, as shown by its effects on POMC and NPY 

mRNA expression (Sainsbury et al., 2002; Challis et al., 2003; Boey et al., 2006b). 

 

Although there are some discrepancies, exogenous PYY3-36 might activate limbic structures (Blevins et 

al., 2008; Baraboi et al., 2010; Stadlbauer et al., 2013). In humans, peripheral PYY3-36 modulates activity 

of neurones within the homeostatic centres but also in reward centres, such as the ventral tegmental 

area, amygdala and orbitofrontal cortex (Batterham et al., 2007; De Silva et al., 2011). Batterham and 

colleagues postulated that PYY3-36 switches food intake regulation from the hypothalamus to the 

orbitofrontal cortex (Batterham et al., 2007). Therefore, the actions of PYY3-36 on hedonic eating might 

also contribute to its anorectic effect. 

 

An albumin-conjugated PYY (PYY3-36-HSA), which cannot cross the blood-brain barrier and has a longer 

half-life than PYY3-36, was used to better understand the mechanisms underpinning the anorectic 

effects of PYY3-36 (Baraboi et al., 2010). Peripheral injection of PYY3-36-HSA acutely reduced food intake 

for up to 24 h, when body weight was also reduced. It also increased cFos expression in limbic 
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structures, the medial NTS, PBN, AP as well as in the subfornical organ, which is a circumventricular 

organ in the third ventricle and is considered a thirst-regulating structure. However, combined lesions 

of the AP and subfornical organ or subdiaphragmatic vagotomy attenuated or abolished this neuronal 

activation and transiently inhibited the anorectic effect.  

Like the ARC, the NTS of the brainstem is also exposed to peripheral signals via a circumventricular 

organ, the AP. Indeed, Y2R is also expressed in the NTS (Stanić et al., 2006) and PYY3-36 could act here 

to regulate appetite as shown by the increased NTS cfos expression (Abbott et al., 2005a; Halatchev 

& Cone, 2005; Blevins et al., 2008; Stadlbauer et al., 2013). In rats, Stadlbauer and colleagues did not 

observe cFos increase in the AP upon administration of PYY3-36 in the hepatic portal vein (Stadlbauer 

et al., 2013). However, there are discrepancies with other study after i.v. PYY3-36 in rats (Blevins et al., 

2008). Lesion of the vagus nerve but not of the AP abolished the anorectic effect of PYY3-36-HSA 

(Baraboi et al., 2010). Therefore, PYY3-36 might act on the brainstem via the vagus nerve, which also 

expresses the Y2R (this is discussed in section 3.1.4). 

 

Figure 1.5.7.1. The role of PYY and GLP-1 in appetite control.  

AgRP, agouti-related peptide; AP, area postrema; ARC, arcuate nucleus; CART, cocaine-and 

amphetamine-regulated transcript; GLP-1, glucagon-like peptide 1; ME, median eminence; NPY, 

neuropeptide Y; NTS, nucleus of the tractus solitarii; POMC, pro-opiomelanocortin; PYY, peptide YY. 

From (De Silva & Bloom, 2012). 

. 
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1.6 Overview 

This chapter introduces the current literature in energy homeostasis and appetite regulation by the 

gut-brain axis and the gut hormone PYY3-36. In Chapter 2, we aimed to elucidate the effect of PYY3-36 in 

vagal afferent neurones activity as well as the effect of afferent vagus activation in feeding, glucose 

tolerance and gut immune homeostasis. Chapter 3 aims to elucidate the role of the vagus nerve in 

mediating PYY3-36 anorectic effect as well as its role in regulating feeding by means of disrupting Y2R 

expression in vagal afferents in different animal models. Chapter 4 focuses on investigating the effects 

of a long-acting PYY3-36 analogue on the body regulation, glucose homeostasis and islet function of a 

diet-induced obese mouse model. 

1.6.1 Hypotheses and aims 

The aims and related hypotheses of this thesis were: 

1. To investigate the effect of global activation of vagal afferents on feeding, glucose tolerance 

and gut immunity. To achieve that, we optimised a surgical technique for the delivery of virus 

driving the expression of an activatory chemogenetic receptors in the nodose ganglia in order 

to modify vagal afferent neuron activity. We hypothesized that activation of vagal afferents 

using a selective chemogenetic system would mask the physiological effects of PYY3-36 (since 

the normal pathway would have been hijacked) and would have additional effects on the 

composition of immune cells in the gut wall. 

2. To develop a mouse model of super selective vagal deafferentation of PYY3-36 signalling by 

knocking-down the Y2R in the afferent vagus using the Cre-loxP system and the delivery of 

virus in the vagal afferents. We hypothesized that loss of vagal PYY3-36 signalling would affect 

the physiological modulation of food intake but that pharmacological doses of PYY would 

bypass this. 

3. Finally, we investigated the effects of a long-acting PYY3-36 agonist on body weight regulation 

and pancreatic islet activity using a directly observed model of pancreatic islet function in diet-

induced obese mice.  We hypothesized that PYY would not worsen islet secretory function.
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Chapter 2: Effect of chemogenetic-
mediated activation of the afferent 
vagus nerve on appetite, glucose 
homeostasis and gut immunity
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2.1 Introduction  

2.1.1 The vagus nerve 

The vagus nerve is the longest cranial nerve and transmits bidirectional information between 

the brain and the viscera. The vagus nerve provides parasympathetic innervation to most 

visceral organs. It is the main neuroanatomical link between the gut and the brain and plays an 

important role in the gut-brain axis. 

2.1.1.1 Anatomy of the vagus nerve 

The vagus nerve is a mixed sensory-motor cranial nerve. Vagal afferent neurones are 

pseudounipolar and transmit sensory information from the viscera to the CNS, while vagal 

efferent neurones integrate information from the vagus nerve and from other brain nuclei and 

carry motor information from the brain to the periphery. At the cervical and abdominal level, 

most vagal neurones are afferents (around 80%) while the rest are efferents (Prechtl & Powley, 

1990).  

The vagus nerve originates in the medulla oblongata and leaves the cranium through the jugular 

foramen (Fig. 2.1.1.1.1). The efferent fibres innervating the gastrointestinal tract from the 

stomach to the descending colon originate from the DMX (Berthoud, Carlson & Powley, 1991). 

The cell bodies of vagal afferents innervating the gut are located in a paired extracranial 

structure named the nodose ganglia (NG), which are distal to the jugular ganglia at the level of 

the jugular foramen. In the mouse, the NG contains around 2300 neurones (Fox et al., 2001). 

The cervical vagus nerve continues in parallel with the carotid arteries and separates into many 

branches that innervate different organs as it travels from the brainstem to the abdomen. In 

contrast with other neurones, there are no specific markers for vagal afferents that can be used 

in immunohistochemistry. Neuronal tracing has allowed the specific labelling of vagal afferents 

innervating the viscera (Berthoud, Carlson & Powley, 1991; Berthoud & Neuhuber, 2000). In the 

abdomen, the branching pattern of the vagus nerve was first characterized in rats (Prechtl & 

Powley, 1985) and is similar in other species. The left and right vagus nerve enter the abdomen 

along with esophagus and divide in primary branches asymmetrically (Berthoud & Neuhuber, 

2000). Most of the dorsal or posterior trunk (from the right vagus) divides into the celiac branch. 

The ventral or anterior trunk (from the left vagus) divides into the common hepatic, anterior 

gastric and celiac branches, and innervates the liver, pylorus, antrum, pancreas and proximal 

duodenum. Vagal afferent innervation density is higher in the stomach and upper 

gastrointestinal tract, decreasing distally (Berthoud, Carlson & Powley, 1991).  



 
 

50 
 

The NG mainly contains C-type neurones, which have small-diameter unmyelinated axons and 

transmit sustained signals at low speed. The NG contains a lower proportion of A-type fibres 

which have myelinated axons that rapidly transmit short-lived potentials. At the abdominal 

level, afferent fibers are mostly C-type (Agostoni et al., 1957). However, new technical 

approaches have allowed a better understanding of vagal afferent subpopulations (Wang, de 

Lartigue & Page, 2020). In recent years, vagal afferent subtypes have been classified and studied 

based on the expression of specific genes (Egerod et al., 2018; Kupari et al., 2019; Bai et al., 

2019) or the identification of specific circuits (Williams et al., 2016; Han et al., 2018; Kaelberer 

et al., 2018). 

 

In the brain, the vagal afferents synapse on second order neurones of the brainstem NTS, 

principally using glutamate as neurotransmitter (Andresen & Yang, 1990). The NTS sends axonal 

projections to third order neurones in local sites, such as the DMX, as well to the forebrain, 

including hypothalamic nuclei. The NTS also receives inputs from other brainstem areas and 

higher CNS centres. Therefore, metabolic signals generated in the vagal afferents can have 

multiple effects and they are integrated within the NTS to generate a response. However, the 

course of the vagal afferents in the brain has not been fully elucidated. Neural tracing allows 

mapping the distribution of vagal afferent terminals. Anterograde tracers are injected in the cell 

nuclei (e.g., the nodose ganglia) where is taken up and transported to terminal processes, while 

retrograde tracers are injected in the terminals (e.g., vagal afferent terminals in the gut) and 

transported back to the cell body. Biochemical-based tracers (e.g., fluorogold or dextran amines) 

can be used to visualise vagal-gut-brain circuit. Recently developed viral approaches enables 

studying the communication of brain centres with vagal afferents subtypes as well as mapping 

neuronal circuits in specific pathways receiving vagal input (see section 2.1.1.3). 
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Figure 2.1.1.1. Vagus nerve anatomy.  

From (Berthoud & Neuhuber, 2019). 

 

2.1.1.2 Vagus nerve innervation in the gut wall 

The afferent vagus nerve can send mechano- and chemo-sensory information from the 

gastrointestinal tract to the brain via afferent terminals that detect sensory stimuli (Page, Martin 

& Blackshaw, 2002; Berthoud et al., 2004). Vagal afferent terminals are characterised by their 

distribution and their complex terminal structures.  
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Vagal terminals have been typically classified into three categories. The most abundant vagal 

afferent terminals are the intraganglionic laminar endings (IGLEs) that form a flattened plate-

like structure and are associated with ENS neurones of the myenteric plexus (Berthoud et al., 

1997). IGLEs are abundant in the upper and lower gastrointestinal tract and contain tension 

receptors that detect nutrient volume and respond to changes in the length of the gut wall 

(stretch) as well as gut wall tension. Intramuscular arrays (IMAs) are mainly located in the upper 

gastrointestinal tract and are found within the circular or longitudinal muscle layers where they 

detect gut stretch-related signals (Berthoud, Kressel & Neuhuber, 1992; Berthoud & Neuhuber, 

2000). 

 

Vagal mucosal afferents terminate close to the gut epithelium, within the lamina propria, where 

they can respond to different stimuli. Mucosal endings are frequently found in the stomach and 

proximal small intestine, but they are less abundant in the distal small intestine (Bai et al., 2019). 

Their mechanoreceptors are thought to detect mucosal stroking and distension (Page, Martin & 

Blackshaw, 2002). 

2.1.1.3 Current approaches to study vagal afferents 

Neurotropic viral vectors have enabled neural tracing of vagal afferent and dissecting vagal 

afferent subtypes and their function. Adeno-associated virus (AAV) is a favourite tool for a wide 

variety of applications studying the vagal afferent circuitry. AAV are widely used for gene 

delivery in vivo because of its low immunogenicity, it is non-pathogenic and they remain 

episomal (without integrating into the genome). Episomal stability is a key advantage of AAV 

since it enables long term transgene expression in non-dividing cells.  

 

Wild type AAV is a non-enveloped single-stranded DNA virus isolated from adenovirus. AAV 

genome consists of two open reading frames, Rep (which is translated to proteins required for 

the AAV life cycle), Cap (which is translated to capsid proteins) flanked by two inverted terminal 

repeats (ITRs). In research applications (recombinant AAV), the transgene is between the ITRs 

and Rep/Cap genes are supplied ‘in trans’. In addition, a helper plasmid containing genes from 

adenovirus (involved in AAV replication) is supplied. A limiting factor in recombinant AAV 

transduction efficiency is the fact that the virus relies on the host cell machinery to synthetise 

the complementary strand and transgene expression may be delayed. Another key limitation of 

AAV for gene delivery is the low cargo capacity (~4.7 kb).  

 



 
 

53 
 

Several AAV serotypes have been identified and they differ in the type of cell they infect. Most 

of native AAV serotypes have tropism towards neurons with variable degrees. By mixing the 

capsid and genome from different AAV serotypes (pseudotyping) tropism and transduction 

efficiency can be optimised. Apart from the serotype, a widely used approach to drive gene 

expression in specific cells or tissues is combining recombinant AAV with Cre/loxP technology 

(see below). Other neurotropic viral vectors used in neural tracing are rabies virus and herpes 

virus (suitable for retrograde tracing). 

 

Using these approaches, fluorescent viruses retrogradely transported from the gut vagal 

terminals allow to trace ascending vagal fibres from the NG. Vagal afferent terminals from 

specific organs innervate distinct regions within the DVC, with gut-innervating afferents 

innervating the ventromedial NTS. The gut-innervating neurons of the right NG innervates the 

NTS but the ones of the left NG mainly innervates the AP (Han et al., 2018).  

In order to visualise genetically defined vagal afferents, Chang and colleagues generated knock-

in mouse lines in which Cre-recombinase is co-transcribed with a neuropeptide receptor gene 

(e.g., Npy2r) (Chang et al., 2015). To visualise the peripheral projections of the specific Cre-

expressing subtype, AAV containing a Cre-dependent fluorescent marker was injected into the 

nodose ganglia (Chang et al., 2015) . 

 

AAV is commonly used in optogenetics and chemogenetics. These techniques allow the 

modulation of neural activity through polarization or depolarization of the neuron membrane, 

and are now used to assess vagal afferent function. Optogenetics is a technique that uses light 

to control the activity of cells in which the expression of a light-sensitive depolarizing channel 

(e.g., channelrhodopsin) has been induced, and behaviour can be studied in vivo. Williams and 

colleagues activated specific vagal neurons (e.g., GLP1-R-expressing neurons) to study their role 

in physiology (Williams et al., 2016). In order to map vagal afferents circuit in the gut-brain axis 

and in reward pathways, Han and colleagues used a combinatorial viral approach and 

optogenetics (Han et al., 2018). They combined a virus carrying the Cre-recombinase that is 

transported retrogradely from specific areas of the gut with a light-sensitive depolarizing 

channel expressed in a Cre-dependent manner in the NG. Upper gut-innervating vagal afferents 

induced reward related behaviour and dopamine release in the substantia nigra (Han et al., 

2018). Han and colleagues aimed to map the circuit connecting the NG with nigral dopamine 

neurons using an anterograde transsynaptic viral tracer. This tracer is taken up by the cell nuclei 

at the NG and can spread to the post-synaptic neuron depending on Cre recombinase for 

replication and transcription of a red reporter. It was reported that the dorsolateral PBN links 
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the right NG with the substantia nigra (Han et al., 2018). Using retrograde and anterograde 

tracers and optogenetics, this study revealed a PBN-substantia nigra-dorsal striatum pathway 

and revealed a novel role in reward of the right NG. 

 

The most popular chemogenetic technique is based on Designer Receptor Exclusively Activated 

by Designer Drugs (DREADD). The DREADD system artificially induces expression of a genetically 

engineered GPCR (see section 1.4.2.1) on target cells and in the administration of a receptor-

specific synthetic ligand. DREADDs are commonly based on the human muscarinic acetylcholine 

receptor family and, depending on the coupled signalling pathway, activation of these receptors 

can result in different physiological outcomes. Activation of Gq-DREADDs excite the neuron 

while Gi-DREADDs activation has an inhibitory effect. These mutant receptors are insensitive to 

endogenous acetylcholine and have no detectable constitutive activity in the target cell. 

Therefore, cellular signalling and activity of DREADD-expressing cells is modulated remotely by 

administration of a synthetic ligand, which is physiologically-inert. Bai and colleagues used 

chemogenetics to selectively activate vagal afferent subtypes and study their function (Bai et al., 

2019).  

 

Using the powerful Cre/LoxP technology, genetic modifications can be highly tissue-specific and 

precise. The Cre recombinase recognized loxP sites and rearranges the genetic material. 

Depending on the location and orientation of the loxP sites, genetic material can be inverted, 

deleted or translocated. Some common ways to control Cre expression are Cre induction by a 

ligand (e.g., tamoxifen) and expression of Cre under a promoter. Cre-driver and Cre-dependent 

transgenic models have been developed to study vagal afferent and its subtypes. Some 

limitations of this approach are the potential non-specific gene expression and toxicity of Cre. 

One of the most common Cre-driver line used to study vagal afferent function in the gut-brain 

axis and in food intake regulation is Nav1.8-Cre. Stirling and colleagues generated the Nav1.8-

Cre mouse model in which Cre recombinase expression is directed by the Nav1.8 promoter 

(Stirling et al., 2005). Nav1.8 is a tetrodotoxin resistant voltage-gated sodium channel especially 

found in peripheral sensory neurons, including spinal and vagal afferents. Regarding the vagus 

nerve, Nav1.8 is expressed in over 75% of vagal afferents in mice (Stirling et al., 2005). Gautron 

and colleagues investigated the innervation of Nav1.8-expressing vagal afferents in the viscera 

as well as the anatomical interaction of these afferents with enteroendocrine cells using Nav1.8-

Cre-tdTomato, in which vagal afferents are fluorescently labelled  (Gautron et al., 2011). The NG 

contained the largest number of tdTomato-positive neurons and fibers originating from the NG 

were observed in the vagus nerve and in brainstem (NTS, AP). Within the gastrointestinal tract, 
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Nav1.8-expressing vagal afferents innervated the mucosa and myenteric plexus in stomach and 

small intestine, and a small subset were IGLEs (Gautron et al., 2011). Nav1.8-Cre line has been 

used to selectively knockout the leptin receptor in Nav1.8 neurons (de Lartigue, Ronveaux & 

Raybould, 2014). 

 

2.1.2 Vagus nerve activity in feeding and physiology 

The afferent vagus nerve is the main neuroanatomical link transmitting satiety signals, both 

hormonal and mechanical, from the gut to the brain. Vagus nerve activity is increased with 

gastric distension (Schwartz, McHugh & Moran, 1993; Schwartz & Moran, 1994). In addition, 

some anorectic hormones have been shown to activate the vagus nerve, such as CCK (Schwartz, 

McHugh & Moran, 1993; Schwartz & Moran, 1994) and PYY3-36 in rats (Koda et al., 2005). . 

Therefore, regulation of the vagus nerve signalling or activity could have potential as a target for 

anti-obesity therapy, for example, vagus nerve stimulation (VNS) (see below). However, gross 

activation or disruption of the vagus nerve has yielded inconclusive results in terms of food 

intake and body weight effects (Berthoud, 2008a).  

After gastric surgery and vagotomy, humans lose weight and exhibit reduced food intake at a 

buffet meal (Le Roux et al., 2005). Most specific vagal afferent lesioning can alter the feeding 

response to exogenous gut hormones (see section 3.1.2), although previous studies show that 

vagal lesioning in rodents does not alter total food intake or body weight but rather alters meal 

pattern (Schwartz et al., 1999; Powley et al., 2005). Bilateral vagotomised mice ate smaller and 

more frequent meals (Powley et al., 2005) while subdiaphragmatic vagal deafferentiation in rats 

caused larger and less frequent meals (Schwartz et al., 1999). The afferent vagus nerve is formed 

by mechanosensitive and chemosensitive neurons that receive gut-derived anorexigenic and 

orexigenic signals and this are integrated and transmitted to the central nervous system to 

regulate metabolism. The vagus nerve also express neuropeptides that modulate vagal afferent 

signalling (de Lartigue, 2014). Disruption of the vagal expression of hormone receptors and 

neuropeptides alters metabolism (see 3.1.2 and 3.1.3). Gut hormones can also modulate 

mechanical signals. For example, ghrelin reduces the mechanosensitivity of vagal afferent 

neurons (Page et al., 2007). In addition, gut hormones might also interact with each other at the 

afferent vagus level to regulate feeding (De Lartigue et al., 2010). Thus, it seems likely that the 

complex interplay of numerous neuroendocrine factors add together in a way that remains to 

be fully elucidated. In Chapter 3, the effect of disrupting the vagal signalling of a single gut 

hormone (i.e., PYY3-36) is explored. 
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The pancreas is innervated by parasympathetic, sympathetic and sensory nerves that regulate 

pancreatic functions. Vagal and spinal afferents transmit sensory information from the pancreas 

to the brain but the role of sensory neurons innervating the pancreas is not understood (Babic 

& Travagli, 2016). Mice treated with capsaicin, a drug that causes deafferentiation of small 

unmyelinated C-fibres (most of vagal afferents are capsaicin-sensitive), showed an increased 

glucose tolerance due to an early glucose-stimulated insulin secretion (Karlsson et al., 1994). 

Capsaicin-treated rats also showed increased insulin sensitivity (Koopmans, Leighton & 

DeFronzo, 1998). On the other hand, electrical activation of the vagus nerve stimulates insulin 

secretion and lowers blood glucose (Ahrén, 2000). However, there are conflicting results 

regarding the effects of vagus nerve lesioning and stimulation in pancreatic function, for 

example it is particularly difficult to disentangle the direct effects of VNS on insulin secretion 

from indirect actions on gut hormone secretion. Vagal afferents could be involved in a neural 

circuit activated by glucose in which peripheral adrenergic nerves are also involved (Karlsson et 

al., 1994). This puts in focus the importance of understanding the various elements of vagal 

signalling in order to design better targeted interventions. 

VNS requires the implantation of electrodes on the cervical vagus and applying electric pulses 

to generate a firing potential. Several parameters of VNS can be modulated, such as intensity, 

pulse frequency or duration of the stimulation period. However, the precise signalling profile 

associated with satiety remains to be fully understood and hence current vagus stimulation 

devices are not highly tuned or specific. For this reason, they are not yet licensed to treat obesity 

although VNS is approved to treat epilepsy and depression. In a retrospective study of patients 

treated for refractory epilepsy, the potential anti-obesity application of VNS was revealed 

(Burneo et al., 2002). However, in another retrospective study in patients treated for epilepsy, 

VNS did not affect body weight (Koren & Holmes, 2006). In an initial study, stimulation of the 

vagus nerve at the thoracic level in dogs reduced body weight (Roslin & Kurian, 2001). In lean 

rats, unilateral and subdiaphragmatic VNS reduced food intake and body weight (Krolczyk et al., 

2001; Laskiewicz & Sobocki, 2003). In a more recent study, a VNS device controlled by stomach 

peristalsis showed to be a highly effective body weight control approach in rats (Yao et al., 2018). 

In obese mini-pigs, VNS prevented weight gain and reduced intake of fat-rich and carbohydrate-

rich food (Val-Laillet et al., 2010). In obese rats, VNS caused a reduced food intake and body 

weight as well as delayed gastric emptying and increased plasma levels of anorectic gut 

hormones (Dai, Yin & Chen, 2020). Despite these studies suggesting that VNS could be beneficial 

for weight loss, the mechanism is not well understood (de Lartigue, 2016).  
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Another method for neuromodulation is vagal blockade therapy (vBloc), which is based on 

implanting electrodes closed to the oesophago-gastric junction and in applying kilohertz 

frequency alternating current to block electrical conduction. Vagal blockade has been approved 

by the FDA for the treatment of obesity although the mechanism remains unknown (Shikora et 

al., 2015; de Lartigue, 2016), and real-world clinical results are disappointing. The classical 

methods used for studying vagus nerve function, vagotomy and VNS, do not specifically target 

the role of vagal afferents. In contrast, chemogenetic and optogenetic technologies allow the 

manipulation of neuronal activity non-invasively in order to remotely and reversibly study the 

effect of vagal activity in physiology. This can be used to specifically study vagal afferents as well 

as genetically-defined populations by means of Cre-loxP technologies. These technologies have 

been used in recent studies to evaluate the activity of vagal afferents in autonomic reflexes 

(Chang et al., 2015; Williams et al., 2016) and feeding behavior (Bai et al., 2019). The results of 

studies using this technology suggested that food intake is more sensitive to mechanical signals 

than to nutrient-activated mucosal afferents in mice (Bai et al., 2019). Thus, animal studies that 

investigate the relative contribution of different fibres within the vagus towards satiety, 

alongside a deeper understanding of their firing patterns using electrophysiology, could inform 

the development of precision VNS devices that could induce clinically really meaningful weight 

loss benefits. 

2.1.3 Neuro-immune crosstalk in the gut 

It is important to remember that a device developed to activate the vagus for therapeutic 

benefit could have off target effects that need to be considered. For example, the vagus nerve 

not only controls feeding and digestion but also has other roles in physiology, such as 

immunoregulation in mucosal barrier function. 

The gastrointestinal mucosa is continuously exposed to environmental agents, such as nutrients, 

commensal microbiota, pollutants, and pathogens. Therefore, maintaining the balance between 

tolerance to non-pathogenic microbes and the immune response to insults is key for 

homeostasis. An unbalanced immune modulation can lead to conditions such as inflammatory 

bowel disease (IBD) and food allergy. It has also been implicated itself in obesity (Shoelson, 

Herrero & Naaz, 2007).  

 

Most of these immune processes occur in the gut mucosa (comprised of the epithelium, lamina 

propria and muscularis mucosa). The ENS is largely organized into two major plexuses, the 

myenteric plexus and the submucosal plexus but the immune cell population is less diverse in 

these locations compared to the other layers (Veiga-Fernandes & Mucida, 2016).  While intra-
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epithelial immune cells play critical roles in immune responses, most of enteric immune cells are 

actually concentrated in the lamina propria, where they potentially interact with nerve endings.  

The concept of neural modulation of immune responses is a rapidly growing field of 

immunology. Since the ENS and gut-associated immune system are so vast, it stands to reason 

that the neuronal regulation of gut immunity is likely to be a hugely important area of research.  

Enteric associated neurones include the ENS itself and the extrinsic sympathetic and 

parasympathetic neurones of the autonomic nervous system. Extrinsic and intrinsic neuronal 

terminals are found in all the layers of the gut wall.  

 

Apart from the close location of immune cells and neuronal terminals, the intestinal immune 

cells express receptors for neurotransmitters and neuropeptides. In addition, enteric neurones 

express cytokine receptors so they can respond to immune signals. This co-localisation and 

functional crosstalk between neurones and immune cells have led to individual functional units 

of this crosstalk being defined as ‘neuro-immune cell units’ (Godinho-Silva, Cardoso & Veiga-

Fernandes, 2019; Jakob, Murugan & Klose, 2020).  

2.1.3.1 Immunity in the gastrointestinal tract  

In the gastrointestinal tract, intestinal epithelial cells are a key part of the barrier function and 

innate immunity (Peterson & Artis, 2014). Firstly, the intestinal epithelium acts as a physical 

barrier as a result of the tight junctions between epithelial cells as well as mucins, which form a 

viscous mucus layer. In addition, specific types of epithelial cells, such as Goblet cells and Paneth 

cells, secrete anti-bacterial peptides that create a chemical barrier. The intestinal epithelium 

strategically expresses a range of receptors that recognize pathogens and danger-associated 

molecular patterns, but that also limit inflammatory responses to commensal bacteria and 

innocuous antigens. Intestinal epithelial cells release cytokines that modulate different immune 

cells in order to promote a tolerogenic environment. Importantly, the microbial recognition by 

pattern recognition receptors contributes to intestinal homeostasis and repair (Rakoff-Nahoum 

et al., 2004) a process to which neurones contributes actively (Jarret et al., 2020). 

 

In response to bacterial entry, epithelial cells secrete factors that recruit other immune cells, 

such as phagocytic cells (macrophages and neutrophils), eosinophils or T cells. Intestinal 

macrophages are mostly derived from blood monocytes that enter the gut in steady state 

conditions and then differentiate and mature (Bain et al., 2013). The monocyte pool is 

heterogenous and different subsets have been defined in mice and humans. Macrophages are 

mainly found in the lamina propria and their main functions are phagocytic and bactericidal but, 
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importantly, they do not promote pro-inflammatory responses as much as other tissue 

macrophages (Bain et al., 2013; Bain & Mowat, 2014). Eosinophils express granules containing 

enzymes that are released upon activation. They are associated with the responses to helminths 

and contribute to the pathology of allergic disease, but are also present in normal intestinal 

mucosa suggesting a physiological role that is still not understood (Bain et al., 2013; Fulkerson 

& Rothenberg, 2008). Mast cells have been classically involved in allergic responses by secreting 

histamine but they also have regulatory functions and interact with local neurones (Bischoff, 

2009; Stakenborg, Viola & Boeckxstaens, 2020). 

 

Innate lymphoid cells (ILC) were discovered more recently and are of great interest in barrier 

immunity. Among ILCs, cytotoxic (conventional natural killer cells) and helper ILCs have been 

defined. Helper ILCs are involved in the defense against infectious pathogens, in tissue 

remodeling and they also regulate adaptive immunity (Sonnenberg & Hepworth, 2019). They 

share transcriptional and functional features with their counterpart lymphocytes of the adaptive 

immune system. Importantly, they can secrete cytokines in response to signals such as neuronal 

mediators, microbial products or diet. In contrast to adaptive lymphocytes, ILCs do not have 

genetically encoded unique antigen-specific receptors and reside mostly in peripheral tissue and 

mucosal barriers. This strategic location allows them to respond early upon an immune 

challenge, whereas adaptive lymphocytes require expansion, differentiation and migration to 

the tissue (Klose & Artis, 2016). Helper ILCs are divided into three groups characterized by the 

expression of transcription factors and the cytokines they secrete. The most abundant ILC type 

in the intestine is type 3 ILC (ILC3s, typically characterized by the expression of the retinoic-acid 

receptor-related orphan receptor-γt (RORγt) and production of interleukin (IL)-17A and IL-22). 

ILC3s defend against bacteria but also stimulate mucus production and enhance epithelial 

junctions and repair. Type 2 ILC (ILC2s, which express the transcription factor GATA-binding 3 

(GATA3) and produce several cytokines, including IL-4, IL-5 and IL-13) are also present in the 

intestine and they respond to large extracellular parasites and allergens. Type 1 ILC (ILC1s, 

characterized by expression of the transcription factor Tbet and large productions of interferon 

γ (IFN-) are less abundant in the intestine but they can represent key agents against viral 

infections. 

 

In contrast to the innate immune system, the adaptive immune system is activated in response 

to infection, targeting antigens specific for each pathogen, and displays what is called 

immunological memory (i.e., it is able to react faster and more efficiently to a secondary 

infection by the same pathogen). The adaptive immune system is composed of lymphocytes (B 
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and T cells) and their secreted molecules. The main lymphoid tissues in the gut are Peyer’s 

patches and mesenteric lymph nodes. In these sites, dendritic cells (DCs) are important sensors 

of pathogens and can influence the adaptive immune response. DCs present antigens to naïve 

lymphocytes that then differentiate into effector T cells, regulatory T cells or B cells (mainly 

immunoglobulin A (IgA)-producing plasma cells). Antigens are delivered to DCs via epithelial 

microfold cells (M cells) as well as goblet cells (McDole et al., 2012), or are directly sampled by 

DCs from the intestinal lumen. After presentation, effector lymphocytes enter the circulation 

and return to the lamina propria due to the expression of gut-specific adhesion molecules and 

chemokine receptors. In the gastrointestinal tract, the major form of adaptive immunity is 

humoral immunity mediated by IgA antibodies secreted from B cells or plasma cells of the lamina 

propria. T cells expressing the cluster of differentiation 4 (CD4) can differentiate into distinct 

helper T (TH) lineages associated with the expression of specific transcription factors and 

cytokines, similar to their ILC counterparts. Under steady state conditions, the most abundant 

TH types are TH17 (mainly characterized by the expression of transcription factor RORγt and 

secretion of IL-17 family cytokines) and TH1 (mainly characterized by the expression of T-bet and 

secretion of IFN-γ and tumor necrosis factor (TNF)). These cells infiltrate the gut mucosa under 

healthy steady-state conditions, they do not promote inflammation unless prompted by 

intracellular (TH1) or extracellular (TH17) pathogens or tissue insults (Belkaid, Bouladoux & Hand, 

2013). Mirroring ILC2s, TH2 cells can be identified by GATA3 expression, and production of IL-4, 

IL5 and IL-13 during parasitic infections (Walker & McKenzie, 2018). CD4+ FoxP3+ regulatory T 

cells (Treg) are key in maintaining immune homeostasis and tolerance by expressing, amongst 

others, the immunosuppressive cytokine IL-10. In addition, there are differences in immune 

function between the anatomical regions of the gastrointestinal tract, and these are influenced 

by factors such as the secondary lymphoid organ draining that segment or luminal content 

(Mowat & Agace, 2014). The segregation of gut-draining lymph nodes also allows the wider 

orchestration of tolerogenic and inflammatory responses (Esterházy et al., 2019). 

2.1.4 Vagus nerve and intestinal immune homeostasis  

In a key experiment, it was showed that vagus nerve stimulation lowered the production of pro-

inflammatory cytokines in a model of sepsis (Borovikova et al., 2000) and introduced the concept 

of the ‘cholinergic anti-inflammatory pathway‘ (CAIP). In CAIP, afferent neurones are activated 

by inflammatory mediators during local tissue inflammation and carry this information to the 

CNS, where it is integrated and, consequently, efferent neurones modulate cytokine secretion 

and inflammation (Tracey, 2002). 
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The proinflammatory cytokine IL-1β can activate vagal afferents after intraportal administration 

and, consequently activate vagal efferents (Niijima, 1996). In rats, intraperitoneal IL-1β results 

in c-fos induction in vagal afferents (Goehler et al., 1998). The IL-1β receptor is expressed in 

vagal afferents and paraganglionic cells (Goehler et al., 1997; Ek et al., 1998; Goehler et al., 

2000). It has been suggested that low doses of IL-1β act on the vagus nerve but that higher doses 

can act centrally (Hansen et al., 2001; Pavlov & Tracey, 2012). In addition, vagal afferents express 

the pattern recognition receptor toll-like receptor-4 (TLR4) and can, therefore, respond to the 

microbial product lipopolysaccharide (LPS) (Hosoi et al., 2005; de Lartigue et al., 2012). LPS is 

increased after meal intake and the vagus nerve has been involved in suppressing postprandial 

inflammation (Pavlov & Tracey, 2012). 

 

After central integration of these signals, vagal efferents release neuromediators to modulate 

local immune cells. In a later study, it was shown that the inflammatory reflex was mediated by 

the link of acetylcholine (ACh) secreted from vagal efferents acting on the α7 subtype of the 

nicotinic ACh receptor (α7nAchR) expressed in macrophages (Wang et al., 2003). Apart from 

CAIP, the vagus nerve could systemically suppress inflammation via regulation of hypothalamic-

pituitary-adrenal (HPA) axis by vagal afferents or by stimulating the splenic sympathetic nerve 

via vagal efferents (Bonaz, Sinniger & Pellissier, 2016). The latter pathway proposes that vagal 

efferents activate sympathetic neurones in the mesenteric ganglion that consequently release 

noradrenaline. Noradrenaline activates T cells in the spleen, which release ACh that inhibit 

α7nAchR-expressing splenic macrophages (Rosas-Ballina et al., 2008, 2011).  

 

However, inflammation is usually local and, in the case of local intestinal inflammation, other 

neuro-immune circuits have been proposed (Goverse, Stakenborg & Matteoli, 2016; Veiga-

Fernandes & Mucida, 2016). Vagal efferents are confined in the myenteric plexus and interact 

with gut macrophages indirectly via other enteric neurones, rather than directly (Cailotto et al., 

2014).  In the muscular layer and myenteric plexus, a population of muscularis macrophages 

(MM) are located close to enteric neurones and can express the α7nAchR (Cailotto et al., 2014). 

MMs were shown to regulate the activity of enteric neurones as well as intestinal peristalsis, 

and this crosstalk was dependent on the microbiota (Muller et al., 2014). MMs have a tissue-

protective phenotype and, in response to infection, prevent excessive neuronal damage which 

involves β2-adrenergic signalling (Muller et al., 2014; Gabanyi et al., 2016; Matheis et al., 2020). 

On the other hand, lamina propria macrophages have a pro-inflammatory profile (Gabanyi et 

al., 2016). 
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Pulling all of this together, vagal afferent activity has been shown to influence gut sympathetic 

activity and its effects on macrophage function. Importantly, vagotomised mice are more 

susceptible to colitis and had fewer Treg in the lamina propia and in lymphatic tissue, suggesting 

a role for vagal nerve tone in immune tolerance at the lamina propria (Ghia et al., 2006; Di 

Giovangiulio et al., 2016). Therapeutically, VNS targets α7nAchR-expressing MMs which does 

not involve the spleen or T cells (Matteoli et al., 2014). Apart from pre-clinical data, clinical pilot 

studies have suggested that targeting the vagus nerve is a promising therapeutic approach for 

the treatment of Crohn’s disease, a type of IBD in which parts of the digestive tract are 

chronically inflamed and mixed with healthy areas (Bonaz et al., 2016; Bonaz, 2018). 

 

ILCs are also regulated by the nervous system and potentially by the vagus nerve (Klose & Artis, 

2019). Peritoneal ILC3s with a similar phenotype to intestinal ILC3s are located close to choline 

acetyltransferase-expressing cells, express cholinergic receptors and are responsive to vagus 

nerve regulation (Dalli et al., 2017). Vagotomy reduced peritoneal ILC3s, delayed the resolution 

of Escherichia coli infection, and  this effect was rescued by administration of ILC3 cells (Dalli et 

al., 2017). ILC2s are located adjacent to cholinergic neurones in the small intestine lamina 

propria and respond to neuropeptides (Cardoso et al., 2017; Klose et al., 2017; Klose & Artis, 

2019). ILC2 cells also express ACh receptors (Galle-Treger et al., 2016; Chu et al., 2021) and an 

α7nAchR agonist was shown to dampen ILC2 activity in a model of allergy (Galle-Treger et al., 

2016). In contrast, ACh was shown to activate ILC2 activity and to defend against helminth 

infection, suggesting that ACh can act on different receptors and that the outcome depends on 

the context (Chu et al., 2021; Roberts et al., 2021). More recently, it has been shown that ILC2s 

can also synthetize ACh to promote ILC2 population expansion and barrier immunity to 

helminths (Roberts et al., 2021). Although vagal terminals are located in the gut wall, the 

interaction between vagal terminals, ENS and immune cells is remain poorly characterized, 

though several circuits have been proposed (Veiga-Fernandes & Mucida, 2016).   

 

In summary, the neuro-immunology of the gut is an extremely complex and poorly understood 

system. In particular, evidence points to an important interaction between ILC populations and 

the vagus in terms of the regulation of inflammatory responses. Inflammation is usually a 

temporary event but chronic inflammation is part of the pathogenesis of a range of syndromes, 

including obesity. Vagus nerve stimulation has already shown promise in other gut syndromes 

with chronic inflammation, such IBD. The anti-inflammatory reflex of the vagus nerve could be 

a therapeutic tool to treat obesity (Pavlov & Tracey, 2012). A deeper understanding of the 
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effects of vagal stimulation on gut immunity may therefore aid the development of non-

pharmacological interventions to treat obesity. 

 

 

Figure 2.1.4.1. Neuro-immune crosstalk in the intestine. 
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2.2 Hypotheses and aims 

The aims of the experiments described in this chapter were to: 

• Assess the effect of chemogenetic activation of vagal afferents on feeding and glucose 

tolerance. 

• Investigate the effect of PYY3-36 on vagal afferent activity. 

• Assess the effect of chemogenetic activation on immune homeostasis in the intestinal 

mucosa.   

The hypotheses were that: 

• Chemogenetic activation of the afferent vagus can modulate feeding and glucose 

tolerance. 

• The gut hormone PYY3-36 activates the vagus nerve. 

• Chronic activation of the afferents promotes an anti-inflammatory phenotype in the 

intestinal mucosa. 

2.3 Materials and methods 

2.3.1 Animals 

Mice were housed in ventilated cages under controlled conditions (21-23°C, 45-56% humidity) 

in a 12 h light/dark cycle (lights on at around 7 am). For the chemogenetic study, female C57Bl6/J 

mice (8 weeks old) were provided by Charles River. They were maintained in groups (6 

animals/cage) except when specified. They had ad libitum access to water and chow (RM1). This 

work was conducted under the project licence PD75F462C (PPL holder Prof KG Murphy) and all 

procedures adhered to the UK Home Office Animals (Scientific Procedures) Act 1986. 

2.3.2 Surgery 

Mice were anaesthetised with 5% isoflurane (IsoFlo®, Zoetis, London, UK) and 1L/min oxygen in 

an anaesthetic chamber. Mice were weighed, shaved from the chin to the thorax, placed on a 

heated pad (37°C) in a supine position and anaesthesia was maintained by mask inhalation of 

isoflurane adjusted accordingly to maintain surgical-plane anaesthesia. Mice received 

subcutaneous (s.c.) injections of 2 mg/kg atropine sulfate (Hameln Pharmaceuticals, Gloucester, 

UK) and 5 mg/kg analgesic carprofen (Rimadyl®, Zoetis) at the onset of surgery. A midline neck 

incision was performed using toothed forceps and scissors, and the salivary glands were 

retracted. Neck muscles were gently retracted to expose the carotid artery, which was separated 
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from the adjacent vagus nerve. The vagus nerve was caudally dissected (with a minimum touch 

technique) and separated from the hypoglossal nerve, until the NG (just below the jugular 

foramen) was visualised and accessible for injection. A 0.58 mm-diameter glass capillary (World 

Precision Instruments, Hertfordshire, UK) containing the virus was attached to a 

micromanipulator and the NG was injected with a PV820 Pneumatic Picopump (World Precision 

Instruments). Salivary glands and the skin were closed with sterile Coated VICRYL® (polyglactin 

910) suture (Ethicon, Livingston, UK). While recovering from anaesthesia, mice received a s.c. 

injection of 0.05 mg/kg buprenorphine hydrochloride (Vetergesic, Ceva Animal Health, 

Buckinghamshire, UK). Mice were allowed to recover in a ventilated heating chamber (37°C) and 

then they were returned to their home cage and received mash (powdered chow mixed with 

water). Animals body weight and state was recorded daily until body weight values reached pre-

surgery levels. Animals were group housed pre- and post-surgery as a refinement to improve 

surgical recovery. Animals recovered for 3 weeks to allow expression of the viral constructs 

before studies were conducted.  

For bilateral injections, the above-described protocol was first performed on one NG side. After 

a recovery week, the same surgery was performed on the left NG. This was because bilateral 

surgery in the same day results in massive vagal activity alteration and high mortality.  

For the chemogenetic experiment, ready-to-use viral particles of pAAV5-hSyn-hM3D(Gq)-

mCherry (3x1012 vg/ml) were delivered in the NG of female mice. This virus was supplied by 

Addgene (deposited by the University of North Carolina at Chapel Hill). The DREADD hM3D(Gq) 

or hM3Dq is a genetically engineered human M3 muscarinic receptor with two-point mutations. 

The expression of this modified Gq/11-coupled GPCR is induced on target cells and administration 

of a receptor-specific synthetic ligand induces an increase in intracellular calcium levels that 

causes second messenger signalling and results in neuronal firing.  

2.3.3 DREADD ligand administration 

The DREADD ligand Compound 21 dihydrochloride (water soluble; Hello Bio, UK) was used as a 

ligand for hM3Dq activation. Compound 21 was allowed to equilibrate to RT, diluted in 0.9% 

NaCl (saline) and aliquots were stored at -20°C (at 0.6 μg/μL). Compound 21 was diluted in 

saline before injection so that animals received i.p. injection at 3 mg/kg (in a volume around 

100 μL). The ligand was once daily-administered before dark phase (around 7 pm), except on 

the day of the terminal experiment (in which they received the treatment earlier in the light 
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phase), for a total of 10 days. Control animals received vehicle (saline) in parallel. For 

habituation, mice were i.p. injected for 3-5 days before drug administration. 

2.3.4 Feeding studies 

Before the start of feeding studies, animals were individually housed for 4 days. Using a 

crossover design, animals received each treatment (PYY3-36 or saline) in a random order. The 

daily treatment with Compound 21 or vehicle started the day before the first feeding test. 

On the day of the feeding test, animals were weighed, and chow (RM1, SDS Diets) was removed 

around 2 h before the start of the study. Animals had ad libitum access to water during all the 

study.  

For the study, chow was pre-weighed using a PLJ 420-3F (Kern & Sohn GmbH, Germany) 

precision balance (0.001 g readability). PYY3-36 was prepared on the experimental day just before 

the i.p. injection by adding saline to pre-prepared freeze-dried vials or directly to the lyophilized 

form. The volume of i.p. was around 100 μL (for an average size 25 g mouse). 

 

Mice expressing the hM3Dq in the NG received Compound 21 or vehicle at t = -30 min. At t = 0 

(dark phase onset), animals received PYY3-36 (Tocris Biosciences, Abingdon, UK) at 3 μg/kg or 

saline and pre-weighed chow was placed in the hopper. Food weight was recorded at t= 0.5, 1, 

2 and 3 h post-injection of PYY3-36/saline.  

 

In the case of feeding studies to test the effect of the DREADD ligand in acute food intake of 

non-hM3Dq expressing control mice, Compound 21 (3 mg/kg)  or vehicle was administered at t 

= 0 min and food weight was recorded at t= 0.5, 1 and 2 h post-injection of DREADD ligand.  

2.3.5 Intraperitoneal glucose tolerance test (IPGTT) 

Food was removed 5 h prior to the start of the IPGTT and animals received Compound 21 or 

saline at 30 min before the start of the tolerance test. Topical anaesthesia (lidocaine/prilocaine, 

EMLA™, Aspen, UK) was applied in the mice tail before tail venepuncture. Baseline blood glucose 

measurement was recorded using a glucometer (GlucoRX Nexus, GlucoRX, UK) and then i.p.  

injection of 20% w/v glucose (Baxter) was administered (2 g/kg). Subsequent blood glucose 

measurements were recorded at 15, 30, 45, 60, 90, 120, 150 and 180 min post-injection. After 

the study, mice were returned to their cages with ad libitum access to food and water. 
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2.3.6 Terminal experiment 

A final experiment was performed at day 8 of chronic treatment with Compound 21/vehicle. 

Animals were fasted for around 4 h (with ad libitum access to water) and they received i.p. 

injection of Compound 21 or saline at the usual dose. After 90 min, tissue was harvested. 

2.3.7 Lamina propria isolation 

This was performed in collaboration with Dr Noe Rodriguez-Rodriguez (Andrew McKenzie’s lab, 

MRC Laboratory of Molecular Biology, Cambridge, UK), who also kindly shared this protocol 

and provided the reagents.  

 

Small intestine was dissected and placed in 10 mM HEPES (Gibco) in 1X PBS (Sigma) (PBS/HEPES) 

on ice. Intestinal contents were removed by gently applying pressure along the length of the 

intestine. Intestines were opened longitudinally, cut in 3 cm long pieces and washed by vortexing 

in the PBS/HEPES for 10-20 sec. The tissue was then transferred to a fresh tube with PBS/HEPES 

and washed again.  

 

To remove the epithelial cells, tissue was incubated with Roswell Park Memorial Institute 

Medium (RPMI; Gibco) supplemented with 10 mM HEPES, 2% FCS (Gibco), 1 mM dithiothreitol 

(VWR Life Sciences) and 5 mM EDTA (Sigma) for 35 min at 37°C with shaking (200 rpm) at a 35-

degree angle. The supernatant was strained through a 50 μm cell strainer (Celltrics), and 

remaining intestinal tissue fragments were incubated again with the supplemented RPMI for 20 

min. Supernatant was strained again and the intestinal pieces were incubated with 

RPMI containing 2% FCS, 0.125 KU/mL DNaseI (Sigma-Aldrich) and 62.5 μg/mL Liberase TL 

(Roche/Sigma-Aldrich) at 37°C with shaking as previously for 40-45 min until digestion is 

complete. 

 

 The digested tissue was passed through a 70 μm strainer (Greiner Bio-One) using a syringe to 

push it through the strainer. The remaining digested tissue was washed with 3% FCS in 1X PBS 

(PBS/FCS) and strained again. The resulting strained single cell suspension was centrifuged at 

400 xg for 5min at 10°C and the resultant pellet was separated over a 40% - 80% gradient of 

Percoll (GE HealthCare/Cytiva). For that, the pellet was resuspended in 5 mL Percoll at 40%, 

transferred to a 15 mL falcon tube, underlayed with 3 mL of 80% Percoll and spun at 600 xg for 

20 min (without brakes). The lymphocytes of the lamina propia were isolated from the interface 
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and PBS/FCS was added. The lymphocytes were used for in vitro stimulation or directly for flow 

cytometry. 

2.3.8 Flow cytometry 

Flow cytometry is a laser-based technology widely used for analyzing the expression of 

extracellular or intracellular cell-associated molecules (markers). It allows the identification of 

cell types and subpopulations in a heterogenous cell population and it can also be used to sort 

specific cell types to obtain an enriched population (cell sorting). Briefly, this method involves 

staining a single-cell suspension so that cell molecules (markers) are specifically bound to 

fluorochrome-labeled antibodies (directly or indirectly) or fluorescent ligands. In the flow 

cytometer, cells in sheath fluid pass through a beam or a laser in a single-file stream of cells. The 

light scattered by the cell is measured as forward scatter (FSC), which is proportional to the cell 

size, and side scatter (SSC), which is proportional to the cell granularity. Fluorochromes (bound 

to the marker-specific antibodies) are excited by lasers of specific wavelengths and they emit a 

fluorescent signal that is collected by sensors. Each sensor detects fluorescence at a specific 

wavelength and converts it into a voltage pulse (event).  

 

Dr Noe Rodriguez-Rodriguez advised on panel design and kindly donated the reagents. 

Lymphocytes were distributed in round bottom 96-well plates and pelleted (400 xg, 5 min). In a 

100 μL volume, cells were stained with PBS/FCS fluorochrome- or biotin-conjugated antibodies 

(see Table 2.3.8.1) and incubated in the fridge/on ice for 40 min protected from light. Cells were 

washed with 150-200 μL of PBS/FCS per well and centrifuged at 400 xg for 5 min. After repeating 

the wash, cells previously incubated with biotin-conjugated antibodies were incubated with 

fluorochrome-conjugated streptavidin for 30-40 min in the fridge/on ice protected from light. 

After performing 2 washing steps (as before), cells were fixed/permeabilised with 100 μL of 

fixing solution (eBioscience™ Foxp3 / Transcription Factor Staining Buffer Set) for 30-60 min in 

the fridge/on ice following manufacturer’s instructions. To wash, 150-200 μL of eBioscience 

permeabilization buffer (prepared following manufacturer’s instructions) was added per well 

and cells were centrifuged at 400 x g for 5 min. After repeating the washing step with the 

permeabilization buffer, cells that did not require intracellular cytokine staining (ICS) were 

resuspended in 200-400 μL of PBS/FCS and stored at 4°C until analysis by flow cytometry. A non-

ICS control was included. 

 

For the in vitro stimulation conditions to analyze cytokine production (e.g., IL-17A) by lamina 

propria-resident lymphocytes, single cell suspensions were plated in a flat-bottom 96 well plate, 
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in 300 μL of complete RPMI (10% FCS, 10mM HEPES, 100 μM β-mercaptoethanol, 

Penicillin/Streptomicin) in the presence of 1x eBioscience™ Cell Stimulation Cocktail (plus 

protein transport inhibitors) and incubated overnight (10-12 h) at 37°C at 5% CO2. Cells were 

transferred to a round-bottom 96 well plate and washed once before proceeding with 

fluorescence-activated cell sorting (FACS) staining. 

 

For ICS, cells were stained with the mix of ICS antibodies (panel 1) in 100 μL of eBioscience 

permeabilization and incubated overnight in the fridge/on ice or at RT for 30-60 min protected 

from light. To wash, 150-200 μL of eBioscience permeabilization buffer was added per well and 

cells were centrifuged at 400 x g for 5 min. Cells were resuspended in 200-400 μL of PBS/FCS 

and stored at 4°C until analysis by flow cytometry. Cells were analysed in a customized BD 

LSRFortessa™ (5 laser) flow cytometer (LMB, Cambridge UK) by Dr N Rodriguez-Rodriguez as 

soon as possible. Precision Count beads™ (Biolegend) were used for counting the absolute 

number of cells (44.31 beads/μL). Data was analyzed in FlowJo (Ashland, OR). 

 

Data is presented as percentage of cells in a subpopulation. This was supplemented with the 

total number of cells within each population. Total number of cells is calculated using the 

counting beads, which can be easily distinguished from the cells. By counting the number of 

beads, the volume of sample analysed is calculated and, therefore, the absolute count of cells 

within a subpopulation can be calculated.  

 

Table 2.3.8.1. Antibodies and dyes used for flow cytometry. 

List of the targets of antibodies are shown in alphabetical order. The dilution and the panels in 

which antibodies were used are indicated. AF, Alexa Fluor™; APC, allophycocyanin; Arg1, 

arginase 1; BUV, Brilliant Ultraviolet™; BV, Brilliant Violet™; CD, cluster of differentiation; 

CX3CR1, CX3C chemokine receptor 1; Cy, cyanine; FcεRI, Fc fragment of immunoglobulin E 

receptor; FITC, fluorescein isothiocyanate; FoxP3, forkhead box P3; GATA3, GATA binding 

protein 3; MHC, major histocompatibility complex; PE, phycoerythrin; PerCP, peridinin 

chlorophyll; RORγt, RAR (retinoic acid receptor)-related orphan receptor γ; TCRβ, T-cell receptor 

β chain. 

 

Target ID Supplier 
Expression 
system 

Label Dilution Panel 

Arg1 
48-3697-
82 

eBioscience Rat / IgG2a, κ eFluor450 1:300 3 

B220 
56-0452-
82 

eBioscience Rat / IgG2a, κ AF700 1:300 1, 2, 3 

CD103 121423 Biolegend 
Armenian 
hamster / IgG 

BV510 1:200 3 
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Target ID Supplier 
Expression 
system 

Label Dilution Panel 

CD11b 101257 Biolegend Rat / IgG2b, κ BV605 1:300 2 

CD11b 612800 
BD 
Biosciences 

Rat / IgG2b, κ BUV737 1:300 3 

CD11c 
17-0114-
82 

eBioscience 
Armenian 
hamster / IgG 

APC 1:300 3 

CD19 115528 Biolegend Rat / IgG2a, κ AF700 1:300 1, 2, 3 

CD24 101827 Biolegend Rat / IgG2b, κ BV605 1:300 3 

CD25 102042 Biolegend Rat / IgG1, λ BV510 1:300 1 

CD3 100216 Biolegend Rat / IgG2b, κ AF700 1:300 1, 2, 3 

CD4 
56-0041-
82 

eBioscience Rat / IgG2b, κ AF700 1:300 1, 2 

CD4 100451 Biolegend Rat / IgG2b, κ BV605 1:300 1 

CD45 103138 Biolegend Rat / IgG2b, κ BV510 1:200 2 

CD45 564279 
BD 
Biosciences 

Rat / IgG2b, κ BUV395 1:200 1, 3 

CD64 139307 Biolegend 
Mouse / IgG1, 
κ 

PerCP-
Cy5.5 

1:200 2, 3 

CD8α 100730 Biolegend Rat / IgG2a, κ AF700 1:300 1, 2 

cKit 135138 Biolegend Rat / IgG2b, κ BV785 1:300 2 

CX3CR1 149006 Biolegend 
Mouse /  
IgG2a, κ 

PE 1:200 3 

F4/80 123141 Biolegend Rat / IgG2a, κ BV785 1:300 3 

FcεRI 
48-5898-
82 

eBioscience 
Armenian 
hamster / IgG 

eFluor450 1:200 2 

FcγRIII / 
FcγRII (Fc 
block) 

BE0307 BioXcell Rat / IgG2b, κ BE0307 1:200 1, 2, 3 

Fixable 
Viability Dye  

65-0865-
14 

eBioscience - 
eFluor™ 
780 

1:300 1, 2, 3 

FoxP3 
25-5773-
82 

eBioscience Rat / IgG2a, κ PECy7 1:300 1 

GATA3 
46-9966-
42 

eBioscience Rat / IgG2b, κ 
PerCP-
eFluor710 

1:300 1 

I-A/I-E (MHC 
class II) 

107641 Biolegend Rat / IgG2b, κ BV650 1:300 3 

IFN-γ 505838 Biolegend Rat / IgG1, κ BV785 1:300 1 

IL-13 
53-7133-
82 

eBioscience Rat / IgG1, κ AF488 1:300 1 

IL-17A 506930 Biolegend Rat / IgG1, κ BV650 1:300 1 

IL-7Rα 121104 Biolegend Rat / IgG2b, κ Biotin 1:300 1 

Ki67 
25-5698-
82 

eBioscience Rat / IgG2a, κ PECy7 1:300 3 

Ly6C 128005 Biolegend Rat / IgG2c, κ FITC 1:300 3 

Ly6G 127618 Biolegend Rat / IgG2a, κ PECy7 1:200 2 
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Target ID Supplier 
Expression 
system 

Label Dilution Panel 

SiglecF 552126 
BD 
Biosciences 

Rat / IgG2a, κ PE 1:300 2 

RORγt 
12-6988-
82 

eBioscience Rat / IgG2a, κ PE 1:300 1 

Streptavidin 612775 
BD 
Biosciences 

- BUV737 1:300 1 

Tbet 
50-5825-
82 

eBioscience 
Mouse / IgG1, 
κ 

eFluor660 1:300 1 

TCRβ 
48-5961-
82 

eBioscience 
Armenian 
hamster / IgG 

eFluor450 1:200 1 

 

2.3.9 NG culture 

Following overdose with pentobarbital, NG were extracted and added to a 1.5 mL Eppendorf 

tube containing 22 µL of Liberase™ Dispase High (Roche,UK) in 500 mL of HKRB buffer (see 

Appendix I). For digestion, NG cells were incubated at 37°C in a heat block for 45 min (inverting 

every 15 min). Supernatant was removed and cells were washed 2 times with 1 mL warmed 

sterile PBS. Cells were resuspended in Advanced Dulbecco’s Modified Eagle medium (DMEM) 

(Gibco-Thermo Fisher) containing 1% penicillin/streptomicin (P/S; Gibco), 10% fetal bovine 

serum (FBS) (Gibco) and 1:1000 nerve growth factor (Sigma-Aldrich). Tissue was triturated by 

pipetting up and down and filtered through a 70 µm filter to another tube, rinsing well with the 

media.  

Cells were transferred to a µ-Slide VI 0.4 (Ibidi, UK) previously coated with poly-D-lysine (Sigma-

Aldrich). For the coating, wells (including both reservoirs and channels) were incubated with 100 

µL of poly-D-lysine (0.1 mg/mL in PBS) for 30 min at 37°C, washed twice with PBS 1X and allowed 

to air-dry. Cells (~60 µL/well) were incubated at 37°C (5% CO2) for 1 h before adding 100 µL of 

conditioned media and incubated overnight. 

2.3.10 Calcium imaging of NG neurones in the presence of PYY3-36  

Imaging of NG neurones was performed using Fluo-4, which is a fluorescent calcium indicator 

that allows in-cell measurement of calcium signalling upon GPCR ligand binding. The 2X Fluo-4 

Direct™ Calcium reagent loading solution (Thermo Fisher Scientific) was pre-made following the 

supplier instructions. Probenecid reduces background fluorescence by preventing the efflux of 

intracellular dyes. The Fluo-4 Direct™ Calcium Assay kit formulation also includes a suppression 

dye to minimize growth medium-derived background signal. 
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The 2X Fluo-4 Direct™ reagent loading solution was defrosted and diluted to 1X with HKRB 

buffer. After removing 50 µL of media per well, 50 µL of the dye was added and cells were 

incubated during 30 min at 37°C followed by a 30 min incubation at RT (in the dark). Before 

starting imaging, wells were washed twice with HKRB.  

Imaging was performed in an Eclipse Ti2 inverted microscope (Nikon) with an ORCA-Flash 4.0LT+ 

digital camera (Hamamatsu) using Micro-Manager software. Cells were imaged in a 100 µL 

volume at x10 magnification, 0.5 s intervals and 2x2 binning in the FITC channel (100 ms 

exposure). For baseline recording, wells were imaged containing 100 µL HKRB. PYY3-36 was added 

to achieve the desired final concentration in the 100 µL volume. Then, 50 mM potassium 

chloride (KCl) was added to cells (100 µL/well) (see Appendix I). 

For analysis, macros developed by the Facility for Imaging by Light Microscopy (Imperial College 

London) for Fiji software were used. If required, time frames were manually aligned using a 

region of interest (ROI) as a reference. Then, ROIs were generated in each cell making sure that 

the ROIs covered the cell area in all the time frames and intensity was measured. Intensity signal 

was normalized to the average intensity of the first 30 s of the baseline period. Blurry frames, 

cells not responsive to KCl and outliers were discarded from the analysis.  

2.3.11 Statistical analysis 

All data is presented as mean ± SEM. Data was analysed by two-way ANOVA followed by 

Dunnett’s or Bonferroni's multiple comparison test. In other cases, one-way ANOVA followed by 

Tukey's multiple comparisons test was performed. For non-parametric analysis, Kruskal-Wallis 

test or Mann-Whitney test were performed. Statistical analyses were performed using Prism 8.0 

software (GraphPad, La Jolla, CA). 

2.3.12 Experimental design 

C57Bl6/J females were acclimatised for a week upon arrival. Mice received AAV expressing the 

hM3Dq bilaterally in the NG, where the cell nuclei of vagal afferents are located (section 2.3.2). 

Approximately three weeks after surgery, animals were randomised and received daily 

injections of the DREADD ligand (Compound 21) or vehicle (saline). Compound 21 would activate 

the vagal afferent neurons expressing the DREADD. On the second and third day of receiving the 

DREADD ligand (or vehicle), feeding studies (crossover) were performed in response to PYY3-36 

or control vehicle (saline). Glucose tolerance was assessed on the fourth day of treatment.  

The effect of PYY3-36 on the activity of vagal afferent neurons was further investigated by calcium 

imaging of neurons from nodose ganglia of littermate control mice.  



 
 

73 
 

After eight days of chronic treatment with DREADD ligand (or vehicle), lamina propria was 

collected in a terminal experiment and immunophenotyped by flow cytometry. 

 

2.4 Results 

2.4.1 The effect of chemogenetic activation of the afferent vagus nerve 
in body weight 

In order to study the effect of bulk vagal afferent activation by chemogenetics, females received 

bilaterally in the NG a neuron-specific AAV driving the expression of the DREADD hM3Dq. In 

order to study the effect of chronic activation of the vagal afferents on body weight, animals 

were weighed before and after daily treatment with the DREADD ligand (or vehicle) started (Fig. 

2.4.1.1, A). Body weight change was similar between groups before start of the treatment. After 

the first injection of Compound 21 (between day 19-20 post-surgery), a reduction in body weight 

was observed in the first couple of days (Fig. 2.4.1.1, B). There was a significant interaction of 

time x treatment in body weight gain (two-way ANOVA: p = 0.0002, F (4, 100) = 6.036).  

 

Animals were grouped house and allocated into groups so that animals of both groups co-existed 

in cages. Therefore, daily food intake could not be compared between saline and Compound 21. 

Due to time constraint, energy expenditure and activity were not measured. 

 

 

 
Figure 2.4.1.1. Body weight in mice expressing hM3dq in vagal afferents before and during 

chronic treatment with the DREADD ligand.  

Body weight post-surgery (A) and body weight gain (B) after start of daily i.p. injection of the 

DREADD ligand Compound 21 (Comp21) (n = 13-14/group). Daily treatment started between 

day 19 and day 20 post-surgery. B: Two-way ANOVA followed by Dunnett’s multiple comparison 

test compared to day 19 (*p < 0.05, **p < 0.01). 
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2.4.2 The effect of chemogenetic activation of the afferent vagus nerve 
in glucose homeostasis 

To investigate if chemogenetic activation of specifically vagal afferents has an effect in glucose 

homeostasis, an IPGTT was performed after DREADD ligand administration (on the 4th day of 

daily DREADD administration). Compound 21 did not affect glucose tolerance compared to 

control (Fig. 2.4.2.1).  

 

Figure 2.4.2.1. Glucose tolerance in mice expressing hM3dq in vagal afferents after treatment 

with DREADD ligand.  

Blood glucose (mmol/L) during an IPGTT (A) and AUC of the blood glucose increase (from t =0) 

(B) in 5 h-fasted NG-hM3dq mice (n = 12/group) on the fourth day of daily i.p. injection with the 

DREADD ligand Compound 21 (Comp21) or vehicle (saline). Compound21/vehicle was injected 

30 min before the start of the test. 

 

2.4.3 The effect of chemogenetic activation of the afferent vagus nerve 
in the food intake response to PYY3-36 

PYY3-36 has been shown to increase gastric vagal afferent firing in rats (Koda et al., 2005). In 

addition, the Y2R is expressed in vagal afferents. However, as previously described, Y2R is 

considered an auto-inhibitory presynaptic inhibitory receptor (coupled to Gi/o). To further study 

the effect of PYY3-36 on the vagus nerve activity, we assessed acute food intake after exogenous 

PYY3-36 administration in mice in which the afferent vagus nerve has been activated. We aimed 

to observe the effect of PYY3-36 on afferent vagus activity (if any). It is possible that gross 

activation by chemogenetics override the effect of PYY3-36 on vagal activity and, therefore, on 

food intake.  
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Thirty minutes after receiving Compound 21 or control, PYY3-36 at low dose (3 μg/kg) or saline 

were injected to perform acute feeding studies (crossover study on the 2nd and 3rd day of daily 

DREADD administration) (Fig. 2.4.3.1). Compound 21-treated mice (receiving vehicle instead of 

PYY3-36) showed an acute decrease in food intake compared to the control group (not receiving 

DREADD ligand) as revealed by three-way ANOVA (group x treatment: p = 0.045, F (1, 70) = 

4.167), which also revealed significant interaction between time and group (p < 0.0001, F (4, 70) 

= 9.660) (Fig. 2.4.3.1, A).  

 

A trend towards reduced food intake was observed in the first hour after PYY3-36 injection in 

control mice but this did not reach significance (at 30min: p = 0.071; at 1h: p = 0.059) (Fig. 2.4.3.1, 

B,C). No differences in food intake after administration of Compound 21 alone and in 

combination with PYY3-36 were observed. Two-way ANOVA did not reveal significant interaction 

between group and treatment at 30 min or 1h post-injection. 

 

Previous studies have shown that Compound 21 at this dose does not affect feeding behaviour 

in control animals that do not express the DREADD receptor (Thompson et al., 2018). In a 

separated feeding study, we investigated if the strong anorectic effect after Compound 21 

treatment was due just to the hM3dq-mediated activation of the afferent vagus nerve or if 

Compound 21 at this dose had an anorectic effect in our experimental setting (Fig. 2.4.3.1, D). 

Wildtype male mice (not injected in the NG and not expressing hM3Dq) showed a reduction in 

food intake in response to Compound 21 injection (two-way ANOVA; time x treatment: 

p<0.0001; F (3, 45) = 9.648). However, the degree of this Compound 21-mediated reduction in 

food intake was lower in non-hM3dq controls (e.g., 26% food suppression at 1 h post-injection) 

compared to NG-hM3dq mice (e.g., 80% food suppression at 1 h post-injection). 
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Figure 2.4.3.1. Cumulative food intake after i.p. injection of PYY3-36 in mice expressing hM3dq 

in vagal afferents after treatment with DREADD ligand. 

Food intake overtime after i.p. injection  of PYY3-36 at 3 μg/kg or vehicle (saline) in NG-hM3dq 

mice previously (t = -30 min) treated with Compound 21 (Comp21; n = 6) or control (n = 3) (A). 

Food intake is shown at 30 min (B) and at 1 h (C). Food intake overtime after i.p. injection of 

Compound 21 (n = 11) or control (n = 6) in wildtype males (not expressing hM3dq in the NG) (D).  

B,C,D: Two-way ANOVA followed by Bonferroni’s multiple t test (*p < 0.05, **p < 0.01,  

***p < 0.001). 
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2.4.4 Calcium activity of NG cultured neurones in response to PYY3-36 

The receptor of the anorectic gut hormone PYY3-36, the Y2R, is a putative inhibitory pre-synaptic 

receptor (Broberger et al., 1997; Batterham et al., 2002). Electrophysiological studies revealed 

that PYY3-36 activated gastric vagal afferents in rats (Koda et al., 2005). In order to explore the 

activity of mouse vagal afferents in response to PYY3-36, calcium imaging was performed in 

cultured NG neurones (example image in Fig. 2.4.4.1, A). KCl is widely used as positive control 

as it reliably depolarizes neurons (calcium influx). Functional neurons were considered as 

respondent to KCl. Fluorescence signal (F) of each cell was normalised to its own baseline signal 

(average of first 30 frames) and maximum F/ΔF values during the stimulation period with PYY3-

36 or vehicle were compared (Fig. 2.4.4.1, B), revealing significant differences between the 

studied stimuli (one-way ANOVA: p = 0.026, F (2, 87) = 3.828). Maximum values were 

significantly higher during 1000 nM PYY3-36 compared to saline (p = 0.0196). No significant 

differences in maximum fluorescence values between vehicle and 500 nM were observed. Of 

note, 1000 nM PYY3-36 was tested in three different wells while 500 nM was tested in one well 

so it is possible that by increasing n number, we could observe more differences between saline 

and 500 nM PYY3-36. After a period of time in the presence of PYY3-36 or saline, cells were treated 

with KCl (Fig. 2.4.4.1, C and D).  

  

Not all vagal afferents express the Y2R so it is expected that not all cells will respond to PYY3-36. 

Based on previous methods used in the team, we define PYY3-36-respondent cells as those with 

maximum F/ΔF values higher than 2 times the standard deviation from the mean of maximum 

F/ΔF values at saline condition. In the 1000 nM PYY3-36 condition, 38.3 ± 12% of cells (3 wells) 

were responding to PYY3-36.  
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 Figure 2.4.4.1. Calcium signal in cultured NG neurones in response to PYY3-36. 

NG cultured neurones from littermate controls were plated in wells and, using the calcium 

indicator Fluo-4, calcium signal was recorded in response to PYY3-36 (or vehicle) and KCl as 

positive control. Example of imaged NG neurons after stimulation with 1000 nM PYY3-36 (A). 

Fluorescent signal was normalised to the first 30 frames of baseline signal (F/ΔF) and maximum 

F/ΔF during PYY3-36 stimulation (500 nM PYY3-36, n = 21 cells; 1000 nM PYY3-36, n = 43) or vehicle 

(n = 26) was compared. Examples of F/ΔF from NG neurons in wells where saline (C) or 1000 nM 

PYY3-36 (D) were added followed by KCl. The times (frames) at which these stimuli were added in 

the wells are indicated. B: One-way ANOVA followed by Tukey's multiple comparisons test (*p < 

0.05). 

 

 

2.4.5 The effect of chemogenetic activation of the afferent vagus nerve 
in gut ILC and T cell population 

In order to assess the effect of vagal afferent activation in ILCs and T cells, a panel of 13 colours 

and a viability dye was used to identify and quantify these populations’ subsets. The gating 

strategy (Fig. 2.4.5.1) was as follows. Firstly, lymphocytes were identified based on size (forward 

scatter or FSC) and granularity (side scatter or SSC), and doublets and cell clumps were excluded 
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by FSC-H (height) vs FSC-A (area) followed by SSC-H vs SSC-A. The viability dye allowed the 

exclusion of dead cells from the analysis and CD45 was used as a marker of hematopoietic cells.  

 

To analyse ILCs, cells expressing the lineage markers CD3 (T cells), B220 (B cells, subsets of T and 

NK cells), CD19 (B cells and some DCs), CD4 (thymocytes) and CD8α (cytotoxic T cells) were 

excluded (Lineage-negative, Lin- gate). Within the ILC gate (Lin- IL-7Rα+ cells), ILC1 was defined 

as GATA3-, RORγt- and Tbet+. ILC2 and ILC3 were defined as GATA3+ and RORγt+ cells, 

respectively. In stimulated cells, IFN-γ+, IL-13+, IL-17A+ cells were detected in the ILC1, ILC2 and 

ILC3 gates, respectively. 

 

In order to analyse T cell populations, Lin+ cells expressing the T cell antigen receptor β chain 

(TCRβ) were selected followed by gating CD4+ T cells (cytotoxic CD8+ T cells were not analysed 

with this approach). Treg cells were defined as FoxP3+. CD25 could not be used for defining Treg 

cells due to low signal. TH cells were defined as FoxP3- cells. Within the TH gate, TH2 and TH17 

were defined as GATA3+ RORγt- and GATA3- RORγt+ cells, respectively. Within GATA3- RORγt- 

gate, TH1 cells were defined as Tbet+. In stimulated cells, expression of cytokines IFN-γ+, IL-13+, 

and IL-17A+ from TH gate were analysed.  
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Figure 2.4.5.1. Example of contour plots and gating strategy for identification and 

quantification of ILCs and T cells as well as cytokine expression in mouse lamina propria. 

Lineage markers are CD3, B220, CD19, CD4 and CD8α. SSC-A, side scatter (area); FSC-A, forward 

scatter (area); SSC-H, side scatter (height); FSC-H, forward scatter (height); CD, cluster of 

differentiation; TCRβ, T-cell receptor β chain; IL, interleukin; IL-7Rα, IL-7 receptor subunit α; 

GATA3, GATA-binding 3; RORγt, RAR (retinoic acid receptor)-related orphan receptor γ; IFN-, 

interferon γ; FoxP3, forkhead box P3; ILC, innate lymphoid cell; TH, Helper T cell. 
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Due to the long processing time and the waiting time between tissue harvesting and tissue 

processing, more than the normal (≥20%) proportion of lamina propria sample preparations 

failed, decreasing the available sample size. Out of a total of 12 mice, the lamina propria 

preparation was only successful in 7 animals (2 controls and 5 Compound 21-treated animals). 

Since n = 2 in the control group, the non-parametric Mann-Whitney test was used for 

comparisons. Data is shown as total number of cells and as percentage (or frequency) of 

subpopulations. Total cell counts indicate cell infiltration while percentage or frequency is also 

influenced by the contraction or expansion of another subset. 

 

Frequency and absolute counts of ILC, T cells and its subtypes were analysed in non-stimulated 

cells (Fig. 2.4.5.2) while cytokine expression was analyzed in stimulated cells (Fig. 2.4.5.3).  The 

percentage of ILC subsets was  higher in the control group compared to Compound 21-treated 

group albeit not significant (p = 0.095) (Fig. 2.4.5.2, B). As expected, ILC3 population was more 

frequent than ILC1 and ILC2 in both groups. Absolute counts seemed higher in ILC subsets, but 

no differences in frequency of ILC subsets between treatment groups were observed (Fig. 

2.4.5.2, C-E). It remains to be elucidated if the difference in total number of cells is functionally 

meaningful (e.g., reduced inflammation, altered homeostatic control). 
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Figure 2.4.5.2. Total number and frequency of non-stimulated cells ILC subtypes in mice 

expressing hM3dq in vagal afferents chronically treated with DREADD ligand. 

Number of non-stimulated cells in ILC and ILC subtype gates (A) and frequency (%) of parent 

population of ILC (B) and ILC subtypes (C-E) in lamina propria of Compound 21 (Comp21; n = 5) 

and control (n = 2) groups. ILC, innate lymphoid cell; Lin, lineage. 

 

 

Number of stimulated cells of lamina propria in ILC and in each ILC subset is shown (Fig. 2.4.5.3, 

A). Stimulation induces cell death in some cells (compared to non-stimulated cells, Fig. 2.4.5.2, 

A). No significant differences in cytokine expression were observed between treatment groups 

(Fig. 2.4.5.3, B-D). Compared to ILC1 and ILC2, the frequency of ILC3-secreting (IL-17A) cells was 

lower in both treatment groups. Median of the proportion of secretory ILC3 cells was higher in 

Compound 21-treated groups (0.7, n = 4) compared to control (0.3100, n = 2) but this difference 

did not reach significance. 
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Figure 2.4.5.3. Total number and frequency of stimulated cells ILC subtypes in mice expressing 

hM3dq in vagal afferents chronically treated with DREADD ligand. 

Number of stimulated cells in ILC and ILC subtype gates (A) and frequency (%) of parent of 

cytokine-expressing ILC subtypes (B-D) in lamina propria of Compound 21 (Comp21; n = 4) and 

control (n = 2) groups. IFN-γ, interferon γ; IL, interleukin; ILC, innate lymphoid cell. 

 

 

In the case of T cells, the number of cells per group is shown (Fig. 2.4.5.4, A). Absolute counts of 

T cell subsets seemed higher, albeit not significant (p = 0.191, Kruskal-Wallis test) but this was 

not reflected in the percentage of the T cell subtypes since there was no significant differences 

between Compound 21-treated and control mice (Fig. 2.4.5.4, B-F). Of note, there was a trend 

towards a reduction in the percentage of Treg cells in Compound 21-treated mice (p = 0.095, 

Mann-Whitney test). As expected, TH17 and TH1 populations were more frequent than TH2 in 

both groups.  
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Figure 2.4.5.4. Total number and frequency of non-stimulated CD4+ T cell subtypes in mice 

expressing hM3dq in vagal afferents chronically treated with DREADD ligand. 

Number of non-stimulated T cell subtypes (A) and frequency (%) of parent of Treg (B), TH (C) TH1 

(D), TH2 (E) and TH17 (F) in lamina propria of Compound 21 (Comp21; n = 5) and control (n = 2) 

groups. CD, cluster of differentiation; TH, Helper T cell. 

 

 

Cytokine secretion was measured in stimulated T cells (Fig. 2.4.5.5). Within the TH gate, IL-13 

expression showed a trend towards increased expression in lamina propria cells from Compound 

21-treated mice (p = 0.133) (Fig. 2.4.5.5, B). Most of the TH cells did not secrete cytokines (Fig. 

2.4.5.5, C) and a lower proportion expressed IFN-γ, IL-17A or both (Fig. 2.4.5.5, D-F). 
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Figure 2.4.5.5. Total number and frequency of stimulated CD4+ T cell subtypes in mice 

expressing hM3dq in vagal afferents chronically treated with DREADD ligand. 

Number of stimulated T cell subtypes (A) and frequency (%) of TH expressing IL-13 (B), IFN-γ and 

IL-17A (C-F) in lamina propria of Compound 21 (Comp21; n = 4) and control (n = 2) groups. CD, 

cluster of differentiation; IFN-γ, interferon γ; IL, interleukin; TH, Helper T cell. 

 

 

 

2.4.6 The effect of chemogenetic activation of the afferent vagus nerve 
in granulocytes, DCs and macrophages 

The effect of vagal afferent activation was also assessed in other immune cells. A panel of 8 

colours and a viability dye was used to identify and quantify granulocytes. The gating strategy 

(Fig. 2.4.6.1) identifies leukocytes based on size and granularity, select singlet cells and exclude 

dead cells. From live CD45+ gate, cells expressing lineage markers CD3, B220, CD19, CD4 and 

CD8α were excluded. Eosinophils were defined as CD11b+ SiglecF+ and basophils were defined 

as CD11b- FcεRIα+. Neutrophils (Cd11b+ Ly6G+) and mast cells (CD11b- FcεRIα+ cKit+) were not 

observed in any sample so the gate is not shown. 
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Figure 2.4.6.1. Example of contour plots and gating strategy for identification and 

quantification of granulocytes in mouse lamina propria. 

Lineage markers are CD3, B220, CD19, CD4, CD8α. SSC-A, side scatter (area); FSC-A, forward 

scatter (area); SSC-H, side scatter (height); FSC-H, forward scatter (height); CD, cluster of 

differentiation; FcεRI, Fc fragment of immunoglobulin E receptor. 

 

 

Since sample size was very low in the control group (n = 1), no statistical analysis could be 

performed and we were unable to draw any firm conclusions. Total number of eosinophils and 

basophils are shown (Fig. 2.4.6.2, A) as well as the frequency of these granulocytes in the parent 

group (Fig. 2.4.6.2, B,C). 
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Figure 2.4.6.2. Total number and frequency of eosinophils and basophils in mice expressing 

hM3dq in vagal afferents chronically treated with DREADD ligand. 

Number of eosinophils and basophils (A) and frequency (%) of parent of eosinophils (B) and 

basophils (C) in lamina propria of Compound 21 (Comp21; n = 4) and control (n = 1). CD, cluster 

of differentiation. 

 

 

In order to identify and quantify DCs, macrophages and monocytes, a panel of 13 (plus viability 

dye) was used. The gating strategy (Fig. 2.4.6.3) selects single myeloid cells by size-granularity 

and includes single live CD45+ cells similar to the above strategies. From CD11c+ MHCII+, Ki67 

expression was used to quantify proliferation of DCs. CD103+ DCs expressing or not CD11b+ were 

identified. CD64 and CD24 expression allow distinguishing macrophages from DCs but CD64 

staining was not conclusive and this marker was not considered. 
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Figure 2.4.6.3. Example of contour plots and gating strategy for identification and 

quantification of DC, monocytes and macrophages in mouse lamina propria. 

Lineage markers are CD3, B220 and CD19. SSC-A, side scatter (area); FSC-A, forward scatter 

(area); SSC-H, side scatter (height); FSC-H, forward scatter (height); CD, cluster of differentiation; 

MHC, major histocompatibility complex; CX3CR1, CX3C chemokine receptor 1; Arg1, arginase 1; 

DC, dendritic cell. 

 

 

As in the previous panel, the low number of subjects in the control group made it difficult to 

draw conclusions and statistical tests could not be performed. Number of DCs, monocytes and 

macrophages analysed from Compound 21-treated and control group are shown (Fig. 2.4.6.4, 

A). No differences in frequency of DC subsets were observed between treatment groups (Fig. 

2.4.6.4, B-D). Arg1 is expressed in DCs and monocytes/macrophages, and is a marker of M2 anti-

inflammatory macrophages (in contrast to classically activated pro-inflammatory M1 

macrophages). Frequency of Arg1-expressing DCs was lower in lamina propria of Compound 21-

treated mice (1.41 %) compared to control mice (3.59 %) (Fig. 2.4.6.4, E). No differences 

between the means of frequencies in monocytes and macrophages were observed between 

groups (Fig. 2.4.6.4, F-I). 
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Figure 2.4.6.4. Total number and frequency of DCs, monocytes and macrophages in mice 

expressing hM3dq in vagal afferents chronically treated with DREADD ligand.  

Number of DCs, monocytes and macrophages (A) in lamina propria of Compound 21 (Comp21; 

n = 4) and control (n = 1) groups. Frequency (%) of parent of DC expressing or not CD11b (B-C), 

the proliferation marker Ki67 (D) and Arg1 (E). Frequency of parent of macrophages (F) and Arg1-

expressing macrophages. Frequency of parent of monocytes (H) and Arg1-expressing monocytes 

(I). Arg1, arginase 1; CD, cluster of differentiation; DC, dendritic cell; MHC, major 

histocompatibility complex. 
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2.5 Discussion 

The novelty of this work relies on the induction of chronic whole afferent vagus activation by 

delivering a neuron-specific AAV expressing the activatory DREADD hM3Dq to study food intake 

and glucose homeostasis. In accordance with our hypothesis, treatment with the DREADD ligand 

in mice expressing hM3dq in the vagal afferents caused a reduction in body weight as well as in 

acute food intake. However, chemogenetic activation of the afferent vagus did not alter glucose 

tolerance. PYY3-36, which activates calcium cultured vagal afferents as measured by calcium 

imaging, suppressed appetite. The effect of the DREADD ligand was in the same direction, 

although the magnitude of the anorectic effect was different. This suggests that vagal Y2R may 

act to activate neurones in the vagus nerve. However, it is also possible that whole vagus 

stimulation is overriding other more specific signalling pathways and that stimulation of several 

different neuronal pathways results in food intake suppression. This approach does not allow to 

dissect the role of Y2R expressed in the afferent vagus in feeding. To achieve this, in Chapter 3 

we generate mouse model to specifically target vagal Y2R signalling. 

 

To my knowledge, this is also the first work using chemogenetic activation of vagal afferents by 

injection into the NG in order to study the immune cell landscape in the intestinal lamina propria. 

Although this work does not allow us to draw conclusions about intestinal vagal-immune 

communication due to the low sample size, activation of vagal afferents might reduce immune 

cell numbers in the lamina propria. However, it might  favour a more proinflammatory 

environment, based on a trend towards enhanced production by innate and adaptive 

lymphocytes of cytokines that are linked with gut inflammation (i.e., IL-13 and IL-17A). 

2.5.1 Effect of activation of vagal afferents in body weight and glucose 
tolerance 

In order to understand the effect of vagal afferent activation in body weight and food intake as 

well as in PYY3-36 anorectic ability, a chemogenetic approach was used. Chemogenetics provides 

the ability to study the role of both right and left NG (Han et al., 2018). Clozapine-N-oxide (CNO) 

is the prototypical ligand of muscarinic receptor-based DREADDs. However, in in vivo studies, 

CNO might not cross the blood-brain barrier and might convert to clozapine, which has high 

DREADD affinity and potency and can also act at endogenous receptors (Gomez et al., 2017; 

Mahler & Aston-Jones, 2018). The alternative ligand used in this study, Compound 21 (11-(1-

piperazinyl)-5H-dibenzo[b,e][1,4]diazepine); (Chen et al., 2015)), does not back-convert to 

clozapine and it might be more suitable for in vivo studies (Thompson et al., 2018).  
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Chemogenetic activation of the vagus nerve caused a reduction in body weight and this was 

maintained in the following days in which daily DREADD ligand administration was continued. 

These results agree with the observations in body weight changes from unilateral and bilateral 

subdiaphragmatic VNS in lean rats (Krolczyk et al., 2001; Laskiewicz & Sobocki, 2003). 

 

A previous report has shown that Compound 21 at 3 mg/kg have the same effect in food intake 

as vehicle control (Thompson et al., 2018). Animals expressing the hM3dq in the NG showed a 

large reduction in food intake after acute DREADD ligand treatment compared to saline. 

Importantly, non-DREADD expressing wildtype mice also showed a reduction in food intake in 

response to the DREADD ligand but to a much lesser extent. Although Compound 21 might be 

favourable to CNO, Compound 21 can bind to other receptors and therefore could potentially 

have off-target effects (Jendryka et al., 2019). However, previous studies have shown that 

Compound 21 (also at 3mg/kg) do not cause changes in behaviour (i.e., attention and 

impulsivity) (Jendryka et al., 2019). Further evaluation of feeding behaviour during chronic 

DREADD ligand treatment and a non-DREADD control are required to investigate if the off-target 

effects of Compound 21 contribute to the reduction in body weight observed in vagal hM3dq-

expressing mice.  

 

The action of afferent vagal activation in this experiment might be due to a combination of 

different mechanisms. Previous reports have observed that general optogenetic activation of 

vagal afferents slowed gastric motility (Chang et al., 2015). VNS also slowed gastric emptying in 

rats (Dai, Yin & Chen, 2020). Therefore, it is possible that exogenous activation is reducing gastric 

motility and consequently reducing caloric intake and body weight. Future studies should 

explore this in a gastric emptying assay. Bai and colleagues reported that chemogenetic and 

optogenetic activation of gastrointestinal mechanoreceptors, but not chemoreceptors, reduced 

food intake (Bai et al., 2019). Therefore, the observed effects might be mostly mediated by 

mechanoreceptors. Chemogenetic activation of vagal cholinergic motor neurones in the DMV 

also caused a reduction in body weight (NamKoong et al., 2019). In addition, it was suggested 

that energy expenditure contributed to the reduction in body weight observed in VNS-treated 

rats by reducing mesenteric fat independently of food intake (Banni et al., 2012). Peptides 

involved in metabolism might also be altered upon vagal afferent activation. In obese rats, VNS 

caused an increase in plasma levels of the anorectic hormones GLP-1 and PYY without altering 

ghrelin levels (Dai, Yin & Chen, 2020).  Hypothalamic brain-derived neurotrophic factor, a growth 

factor involved in energy homeostasis, is increased after VNS and it has been suggested that 

contribute to the effects of VNS in body weight (Banni et al., 2012). The plasma levels of gut 
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hormones or other factors involved in energy homeostasis have not been investigated in this 

study. In addition, it is possible that chemogenetic activation alters expression of receptors in 

the vagus nerve or neuropeptide secretion from the vagus nerve. Future studies should explore 

if chemogenetic activation prevents obesity, as observed in VNS-treated rats (Bugajski et al., 

2007). 

 

The role of vagal afferents in pancreatic function is not well understood. Activation of the 

afferent vagus did not alter basal glucose levels or glucose tolerance in an IPGTT. In contrast, 

chemogenetic activation of vagal motor neurones in mice has been shown by others to improve 

glucose tolerance (NamKoong et al., 2019). Cervical VNS showed impaired glucose tolerance and 

reduced glucose-induced insulin levels in rats (Stauss et al., 2018). Previous studies showed that 

afferent-selective VNS increases blood glucose and might be responsible for the impaired 

glucose tolerance but these studies are limited by the effect of anesthesia (Meyers et al., 2016; 

Payne et al., 2020). VNS could alter the secretion of glucagon and GLP-1 (Dai, Yin & Chen, 2020; 

Payne et al., 2020). Therefore, there is controversy regarding the effect and mechanism of vagal 

afferent versus efferent activation in glucose tolerance as well as different methods of vagal 

activation. 

 

The receptor of PYY3-36, Y2R, was suggested to inhibit feeding by acting as an auto-inhibitory pre-

synaptic receptor in the hypothalamic ARC (Batterham et al., 2002). PYY3-36 activated cultured 

NG neurones as revealed by increased intracellular calcium mobilization. The concentration 

used to stimulate NG neurons is likely higher than the concentrations of PYY3-36 reaching the NG 

or the vagal afferent terminals within gastrointestinal tract. Future experiments should assess 

the PYY3-36 levels achieved in plasma and in the hepatoportal vein after injection of the low dose 

exogenous PYY3-36. 

 

As did vagal chemogenetic activation, PYY3-36 reduced food intake. Overall, these suggest that 

binding of PYY3-36 to Y2R activates the vagal afferents, which is in agreement with a previous in 

vivo electrophysiological study in which peripheral PYY3-36 increased vagal afferent activity (Koda 

et al., 2005). The contribution to food intake suppression of PYY3-36 in the mice treated with 

DREADD ligand plus PYY3-36 could not be observed due to the strong anorectic effect of gross 

vagal activation. A lower DREADD ligand concentration might allow to unmask the effect of PYY3-

36 in this treatment condition. As mentioned above, it is possible that chemogenetic activation 

of the afferent vagus caused an increase in circulatory anorectic gut hormones and, therefore, 

exogenous PYY3-36 treatment is redundant.  
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2.5.2 Afferent vagus nerve activation and gut immunity 

Mucosal barriers, including airways and gastrointestinal lumen, are exposed to external agents. 

Immune cells and neurones coordinate with one another to maintain immune homoeostasis and 

to respond to immune challenges. The exact mechanisms by which sensory neurones and 

immune cells communicate are unknown.  

 

Mice expressing the activating DREADD hM3Dq in vagal afferents were immunophenotyped 

after chronic treatment with DREADD ligand Compound 21. The results from this work suggest 

that counts of different immune cell types, such as ILC subtypes, Treg cells or DCs, may be reduced 

when vagal afferents are exogenously activated. This is in contrast with previous reports that 

show that activation of sensory neurones by capsaicin increased lung airway leukocytes, 

including eosinophils and T cells, and that this response was increased in allergic mice (Talbot et 

al., 2015). Silencing of sensory neurones only decreased immune cell counts in allergy (Talbot et 

al., 2015). However, the interrelations between the nervous system, in this case the vagus nerve, 

and the immune system are critically dependent on environmental conditions and challenges. 

For example, contrary to the observations in the context of allergy, silencing of lung vagal 

afferents promoted increased infiltration of some immune cell subsets in the inflamed lung, 

which is in line with our observations (Baral et al., 2018).  

 

ILCs are innate cells important for the maintenance of barrier integrity. Recent studies have 

suggested the interaction of ILCs, mainly ILC2, with sensory neurones (Klose & Artis, 2019). The 

crosstalk between ILC3, which is the most abundant ILC type in the gut, and neurones remain 

undetermined. This work suggests that frequency of ILC subtypes and total number of ILC3 are 

potentially reduced by an activated afferent vagus nerve. Although it is possible that a higher 

proportion of ILC3s have a secretory phenotype when vagal afferents are activated, the study 

was not sufficiently powered to conclude this. In addition, while we were only able to measure 

IL-13 and IL-17A in this pilot experiment, gut ILC2 and ILC3 are major producers of IL-5 and IL-

22, respectively. Future work should include the study of these cytokines. These results are in 

contrast with a previous report showing that vagotomy reduces a population of peritoneum 

resident ILC3s (with a similar phenotype to ILC3s of the small intestine lamina propria) (Dalli et 

al., 2017). No differences in frequency of ILC3 (within ILC population) were observed in activated 

versus non-activated vagal afferent conditions. Although sensory neurones interact with ILC 

subtypes in other tissues, it is possible that sensory neurones in the gut do not have a key role 
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in modulating specifically the ILC3 population. Indeed, enteric glial cells have shown to regulate 

ILC3 via glia cell-derived neurotrophic factor (GDNF) (Ibiza et al., 2016).  

 

In the intestinal barrier, ILC2 cells are less abundant than ILC3 and this is supported by this work. 

ILC2 can respond to a range of neuropeptides (Quatrini, Vivier & Ugolini, 2018). ILC2 are close 

to cholinergic enteric neurones in the submucosa that express the neuropeptide neuromedin U 

(NMU), which activate intestinal ILC2 (Cardoso et al., 2017; Klose et al., 2017). NMU is a 

neuropeptide highly expressed along the gut-brain axis. In this context, NMU has been involved 

in food intake inhibition, energy balance regulation and increased smooth muscle contraction 

(also in the gastrointestinal tract) with most studies focused on central NMU signalling (Martinez 

& O’Driscoll, 2015). ILC2s also respond to vasoactive intestinal peptide (VIP), which promotes IL-

5 secretion, according to feeding status and circadian rhythm (Nussbaum et al., 2013). In this 

experiment, intestinal ILC2 frequency and total cell count did not seem to be influenced by vagal 

afferent activation and therefore it is unlikely that gastrointestinal NMU or VIP action has been 

enhanced. Future research should study if the communication of ILC2 with other peptides in the 

gut is functionally related with the effects of this peptides in feeding or metabolism. NMU is not 

expressed in nodose/jugular ganglia (Wallrapp et al., 2017) but VIP is secreted by Nav1.8+ 

neurones upon activation with IL-5 (Talbot et al., 2015). This results in activation of ILC2 and T 

helper cells in airway inflammation (Talbot et al., 2015). Therefore, intestinal ILC2 

communication with vagal afferents might be context dependent. 

 

Regarding adaptive immunity, vagal afferent activation did not significantly alter the proportion 

of T cell subtypes, only frequency of Treg showed a trend towards reduction when activating the 

vagus. A trend towards an increased proportion of T cells expressing IFN-γ and IL-13 was also 

observed. This could indicate that activation of vagal afferents promotes inflammatory 

responses. In support of this, silencing of nociceptor neurones reduced expression of TH2 in 

allergy (Talbot et al., 2015).  This work does not allow us to draw conclusions regarding DCs. It 

is possible that the lower number of mucosal DCs observed when activating afferents influence 

the number of TH subtypes. 

 

Another aspect to consider is the fact that this approach activates different types of neurones 

whose soma resides in the NG. From this diverse group of neurones, some may produce 

stimulating factors for ILC and T cells, while others may secrete inhibitory modulators (Klose et 

al., 2017; Nagashima et al., 2019). However, if the results here presented indicate an actual 

trend of lymphocytes behaviour, stimulation of vagal afferents will result in a net reduction of 
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immune cells, either by increasing tissue egress, immune cell apoptosis or decreasing 

proliferation, while slightly promoting cytokine secretion. 

 

With the limited amount of data available, it is impossible to further characterize the immune 

composition of the lamina propria and the effect that vagal stimulation has on the immune cell 

populations analysed.  Cell count and activation profile of monocyte/macrophages and 

granulocytes could confirm if more eosinophils and macrophages are recruited and activated. 

Vagus nerve stimulation can limit allergic responses and this was suggested to be mediated by 

inhibition of mast cell expansion (Bosmans et al., 2019). In this work we could not detect mast 

cells, likely because of degranulation or cell death during tissue processing. It would be of great 

interest to investigate the effect of vagus nerve modulation on mast cell number and activation 

status in homeostasis as well as in inflammatory conditions. 

2.5.3 Limitations of this study and future work 

The main limitation of this work is the lack of confirmation of viral infection in afferent neurones. 

Therefore, the next step is to assess by immunofluorescence the viral fluorescent marker 

(cherry) as well as of the neuronal activation marker c-fos in the NG. 

 

The metabolic phenotyping was performed just after 3 weeks from viral administration 

completion and, therefore, it is possible that virus infection was not optimum. Although a 

control of Compound 21 was included, the study should evaluate the effect in body weight (in 

addition to food intake, as we have shown) in controls which do not express DREADD. Non-

DREADD expressing control mice showed that Compound 21 at the dose used has off-target 

effects in food intake. Of note, the non-DREADD wildtype control mice are males whereas the 

vagal hM3dq-expressing mice were females. In addition, the non-DREADD wildtype did not 

undergo surgery and a control receiving a control virus would me more suitable. The level of the 

DREADD ligand upon administration of different DREADD ligand doses should be assessed in 

plasma, brain and hepatoportal vein. In addition, its effect on feeding behaviour should be 

further explored. Vagal activation did not have an effect in glucose tolerance but future studies 

should measure glucose-induced insulin levels and fasting insulin levels.  

 

This work aimed to activate all vagal afferents but NG injection of Cre-expressing viruses in the 

adult mouse with a floxed gene of interest would allow the study of individual populations. 

Although feeding behaviour after activation of specific genetically-defined vagal afferent 

populations has been reported, the Y2R-expressing population has not been studied (Bai et al., 
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2019). It would be of interest to determine if the Y2R vagal afferent population is chemosensing 

or mechanosensing. This work suggests that PYY3-36 activates some vagal afferents and, 

therefore, that Y2R acts to activate neurones in the NG. This could be further confirmed by 

electrophysiological studies to determine if PYY3-36 activates gastric vagal afferents in mice, as 

observed in rats (Koda et al., 2005) or by calcium imaging of NG in the presence of a Y2R 

antagonist or a high-affinity Y2R-specific PYY3-36 analogue. A calcium indicator of the GCamP 

family could be driven using a Cre-expressing line that targets Y2R-expressing sensory neurons 

(i.e., Npy2r-ires-Cre) and a Cre-dependent reporter allele (e.g., lox-GCamP3). Ires-Cre lines 

drives expression of GCamP in areas other than the nodose. To overcome this, AAV driving Cre-

dependent GCamP expression (AAV-flex-GCamP) could be instead injected in the nodose ganglia 

of Npy2r-ires-Cre to achieve more specificity (Chang et al., 2015). The Npy2r-GCamP neurons 

could be isolated for imaging in response to PYY3-36 (as performed in this work). A more 

physiologically relevant experiment would involve the surgical exposure of the NG of Npy2r-

GCamP mice for in vivo imaging in response to intravenous PYY3-36 or duodenal nutrient 

administration (Williams et al., 2016).  

This study has used a chemogenetic approach to explore the effect of chronic vagus nerve 

stimulation in lamina propria immune homeostasis. This pilot experiment was designed to 

maximize the output of experimental readings/measurements. However, as demonstrated by 

the low rate of success in the preparation of single cell suspensions from lamina propria, future 

experiments should have a more tailored and focused approach to reduce the time between 

tissue harvesting and tissue processing. This way, future experiments should ensure that lamina 

propria tissue processing yields a reliable and consistent number of samples, thus providing 

more conclusive results. In addition, experiments investigating changes to the intestinal 

immunophenotype following DREADD-mediated vagal afferent inhibition would also be useful. 

This work has focused on the vagal-immune interaction in the lamina propria. However, the 

vagus nerve is important in interacting with ENS and tissue-protecting MMs (Muller et al., 

2020b; Matheis et al., 2020). In addition, VNS increased mast cell number in the muscularis (Gil 

et al., 2009). Future work should assess the effect of afferent vagus activity in the count and 

activity of MMs. 

  

Vagal afferents might modulate gut sympathetic neurones in a microbiota dependent-manner 

(Muller et al., 2020b). Therefore, it would be interesting to study the effect of vagal activity 

modulation in intestinal microbiota signalling. In addition, the complex interconnections 

between different immunological sites (e.g., lung and gut mucosa, mucosa and secondary 
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lymphoid organs) that are simultaneously innervated by the vagus nerve adds an extra layer of 

complexity to the interpretation of results. For example, upon inflammation, lymphocytes can 

migrate from the lamina propria into the lung. Since the activation of the vagus nerve would 

affect both intestinal and lung afferents (amongst others), the possible decrease observed in 

immune cell numbers in lamina propria could be due to migration of these cells to other tissues. 

Vagal afferents transmit information from the gut to the brain depending on the expression and 

activation of a range of receptors. Transcriptional profiling of Nav1.8-expressing neurones 

showed that they expressed a range of cytokine receptors (Talbot et al., 2015). Future 

experiments should investigate if the expression of cytokine receptors and pattern recognition 

receptor, such as TLR4, in afferent terminals depend on vagal activity, inflammatory or 

nutritional status. Level of cytokines and neuropeptides in intestinal mucosal samples following 

the activation or inhibition of vagal afferents should also be measured.  

 

Future work is needed to characterize how specific vagal neurones crosstalk with ENS and 

immune cells during homeostasis and in pathological conditions, such as food allergy or IBD. 

However, this pilot experiment suggests that the approach proposed here can be useful in 

investigating these systems. As explained above, using Cre/loXP and viral strategies to alter the 

activity of specific vagal afferent subpopulations could help dissecting this crosstalk. 

 

Taking into account the relevance of inflammation in obesity, further research should explore 

the effects of bariatric surgery in intestinal immunity as well as the role of the vagus nerve, which 

is partly altered during metabolic surgery (Berthoud, 2008a). The vagus nerve is of great interest 

in the neuro-immune crosstalk as well as its role in inflammation, as occurs postprandially and 

in the obese state. Vagal plasticity is altered in obesity (section 3.1.3) and future studies should 

explore if other signaling pathways, such as neuro-immune communication, are also altered.  
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Chapter 3: Investigating the role of 
vagal Y2R in feeding behaviour and 
glucose homeostasis   
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3.1 Introduction 

3.1.1 Vagus nerve in the gut-brain axis 

In recent years, the role of the vagus nerve has been of much interest in energy homeostasis, 

especially its role in the homeostatic control of food intake in the short-term. Anterograde tracing 

studies indicated that the stomach afferent terminals induce meal termination in response to 

mechanical stimuli while the terminals innervating the small intestine are chemosensitive (Berthoud, 

2008b). 

 

As food enters the gastrointestinal tract, the mechanosensitive afferent terminals within the stomach 

can sense a change in tension. As observed in electrophysiological studies in rats, gastric load activates 

vagal afferents in a volume-dependent manner (Schwartz, McHugh & Moran, 1991). This gastric 

distension induces the activation of NTS neurones (Willing & Berthoud, 1997) in a volume-dependent 

manner and suppresses food intake due to the volume rather than nutrient content (Phillips & Powley, 

1996). In contrast to tension receptors, mucosal endings can respond to stroking (Page, Martin & 

Blackshaw, 2002) and gastric acid (Michl et al., 2001) and, therefore, to the presence of food. Vagal 

afferent terminals are close to the basolateral surface of the epithelium and they can sense the gastric 

hormones ghrelin and leptin. However, mechanosensitivity is dependent on the feeding status, with 

fasting associated with lower sensitivity to stretch compared with the fed state (Kentish et al., 2012; 

Kentish & Page, 2014). 

 

The epithelium can sense the nutrients via a range of receptors and transporters. Here, mucosal 

endings are more abundant in the proximal duodenum than distally (Berthoud, 2008b). Most of the 

nutrient-sensing receptors are found in the EECs (see section 1.4.2.1), which only represent ~0.1-1% 

of the gut epithelial cell population. Mucosal endings are not exposed to the luminal content but are 

close to EECs (Berthoud et al., 1995). These different types of EECs can secrete a range of gut 

hormones depending on the nutritional status and these hormones can act on vagal afferent terminals 

resulting in different responses. Recently, gut hormones signalling in the vagus nerve have been of 

much interest. Gut hormones can also enter the bloodstream, from where they could activate vagal 

afferents in a non-paracrine fashion, as well as directly act on central areas, such as the brainstem and 

the hypothalamus. In addition, vagal afferents express nutrient receptors (de Lartigue, 2016; Egerod 

et al., 2018) and nutrients could directly activate hepatic vagal afferents thanks to their strategic 

location at the portal vein. 
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It is assumed that afferent terminals largely sense nutrients indirectly via the secretion of hormones 

from the EECs. However, in contrast to the indirect action of EEC on neuronal terminals, some 

epithelial cells, named neuropods, could directly synapse with the afferent vagus nerve, using 

glutamate to signal across the synapse and transmitting information faster to the brainstem 

(Bohórquez et al., 2015; Kaelberer et al., 2018). Recent research has found that EECs can transduce 

glucose stimuli to vagal afferents via glutamate and CCK (Kaelberer et al., 2018). A recent report 

observed that intragastric infused fat did not inhibit NPY/AgRP neurones in the ARC of vagotomised 

mice, suggesting a role of the vagus nerve in transmitting fat-mediated satiety (Goldstein et al., 2021). 

These studies suggest that vagal afferent signalling also depends on the specific macronutrients 

ingested.   

 

After the afferent vagus carry information from the gut to the brain, different physiological responses 

are modulated to regulate metabolism, such as gut motility. The NTS integrates the visceral 

information from vagal afferents (or from circulating hormones with access to circumventricular 

organs at the brainstem) and communicates with higher brain centres and other brain centres in the 

brainstem. The brainstem nuclei DMV is involved in gut motility control especially in the upper 

gastrointestinal tract. DMV neuron firing regulate the vagal efferent output. Gastric vagal efferents 

communicate with postganglionic myenteric neurons that control gastric smooth muscle contraction 

and ultimately motility (Travagli & Anselmi, 2016). Gastric emptying rate measures the speed at which 

the stomach content is delivered into the duodenum and is key for the subsequent digestion and 

absorption. Gastric emptying is dependent on the properties of food (physical and chemical) and is 

regulated by complex neuro-hormonal mechanisms (Goyal, Guo & Mashimo, 2019). Gut hormones 

can also influence gastric emptying via the vagus nerve. For example, studies using capsaicin 

treatment showed that CCK acts on the afferent vagus to delay gastric emptying (Raybould & Tache, 

1988; Forster et al., 1990). 

 

3.1.2 Gut hormones and the vagus nerve 

Gut hormones released from EECs are considered key messengers between the gut epithelium and 

vagal afferents. The most traditional approach to study the role of vagal afferents in the gut-brain axis 

is vagotomy, a surgical approach that interrupts bidirectional vagal communication, and capsaicin, 

which has a long-term toxic effect in NG. In recent years, new approaches have allowed more nuanced 

dissection of the role of the afferent vagus in gut hormone signalling. 
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3.1.2.1 CCK 

CCK is the best-known gut hormone that mediates satiety via the vagus nerve. CCK inhibits food intake 

by binding to CCK-RA, which is found in the periphery, mainly in the gastrointestinal tract, and in some 

areas of the central and peripheral nervous system (vagus nerve (Moran et al., 1987)). CCK-RA is highly 

selective for sulfated analogues of CCK.  Tother receptor, CCK-RB, which is found principally in the 

brain, has high affinity for both sulfated and nonsulfated peptide analogues. CCK-RB regulates 

dopamine release and anxiety (Wank 1995) . CCK triggers vagal afferent discharge (Schwartz, McHugh 

& Moran, 1991) and increases intracellular calcium in vagal neurones (Peters et al., 2004). The actions 

of CCK on vagal afferents regulate several processes, including inhibition of gastric emptying and food 

intake (Dockray, 2009). After vagotomy or capsaicin treatment, the anorectic effect of exogenous CCK 

is abolished (Smith et al., 1981b; MacLean, 1985). Blocking the CCK-RA also abolishes this effect 

(Garlicki et al., 1990). More recently, Han and colleagues suggested a reward-related neural pathway 

for the appetite-suppressing effect of CCK (Han et al., 2018). In addition, CCK acts a gatekeeper of the 

phenotype of the vagus nerve (see section 3.1.3). 

3.1.2.2 GLP-1 

As for CCK, the anorectic effect of exogenous GLP-1 is abolished after vagotomy in humans and rats 

(Abbott et al., 2005a; Rüttimann et al., 2009; Plamboeck et al., 2013) and in capsaicin-treated mice 

(Talsania et al., 2005), albeit these results could depend on the route of administration (Rüttimann et 

al., 2009). The interaction of the anorectic gut hormone GLP-1 and the vagus nerve has been studied 

more recently using molecular approaches. Vagal-specific GLP-1R knockdown using virus-delivered 

silencing RNA in rats resulted in an increase in meal size and duration while reducing the number of 

meals, and also increased gastric emptying without affecting long-term energy homeostasis (Krieger 

et al., 2016). Glp1r-expressing vagal afferents do not densely innervate the intestine but they mostly 

terminate in the stomach as IGLEs (Williams et al., 2016; Bai et al., 2019). Most of these GLP-1R 

positive neurones responded to gastric distension (Williams et al., 2016). Moreover, optogenetics 

revealed that specific activation of Glp1r positive neurones resulted in a reduction in food intake, 

which was more acute than that observed following the stimulation of other mucosal ending subtypes 

(Bai et al., 2019). It has been suggested that GLP-1 acts on the vagus by lowering the threshold at 

which distension activates vagal afferents (Cork, 2018). This could be additive to the effect of GLP-1 in 

the GLP-1R-expressing chemosensitive afferents.  

 

PYY is co-secreted with GLP-1 post-prandially, and also has an anorectic action. Since nutrient 

absorption occurs in the proximal small intestine, L-cells of the upper gut are widely accepted to be 
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the main source of the increase in plasma GLP-1 and PYY levels and, therefore, to regulate incretin 

effect and appetite control after meal intake. Only late after meal intake nutrients reach the colonic 

L-cells, which contain a large proportion of endogenous PYY and GLP-1. A recent study aimed to study 

the effect of selective stimulation of colonic L-cells (expressing the insulin-like peptide 5) by 

chemogenetics (an approach that employs selective compounds that target genetically engineered 

receptors expressed in the cell of interest in order to remotely control the activity of that cell) (Lewis 

et al., 2020). Stimulation of the distal L-cells improved glucose tolerance and reduced food intake and 

body weight, and these effects were maintained after exposure to high-fat diet. By blocking Y2R or 

GLP-1R, this study demonstrated that PYY, and not GLP-1, from colonic EECs is responsible for the 

appetite suppression observed following the activation of these cells. In contrast, the improved 

glucose tolerance observed after colonic L-cell stimulation depended on GLP-1R and the authors 

suggested an endocrine GLP-1 signalling from the gut to the pancreas underlies this effect. 

3.1.2.3 Leptin 

Leptin activates gastric and duodenal neurones (Peters, Ritter & Simasko, 2006) and, in addition, the 

LepRb is expressed in the human and rat NG (Burdyga et al., 2002). Leptin can modulate sensitivity of 

the afferent vagus nerve according to nutritional status in order to promote or inhibit satiety (Kentish 

et al., 2013). While leptin potentiates the sensitivity of mucosal receptors (which detect presence of 

food) in the fed state (promoting satiety), it reduces the sensitivity of tension receptors (which detect 

amount of food) in the fasted state (Kentish et al., 2013). Exogenous leptin administration in the celiac 

artery (in the upper gastrointestinal tract) suppressed sucrose intake but this effect was not observed 

in vagotomised or capsaicin-treated rats (Peters et al., 2005). Leptin and CCK can activate the same 

vagal neurones synergistically (Peters et al., 2004; Peters, Ritter & Simasko, 2006) and it was shown 

that leptin can prolong CCK-induced anorexia (De Lartigue et al., 2010). Using transgenic animals, it 

has been shown that semi-specific vagal LepRb knockdown in vagal afferents promotes obesity (de 

Lartigue, Ronveaux & Raybould, 2014). 

3.1.2.4 Ghrelin 

The orexigenic effects of ghrelin are abolished in truncal vagotomised humans (Le Roux et al., 2005) 

and in subdiaphragmatic vagotomised rodents (Date et al., 2002; Davis et al., 2020). Importantly, the 

ghrelin receptor, GHSR, is expressed in the vagus nerve (Burdyga et al., 2006). Exogenous ghrelin 

reduces vagal afferent sensitivity to gastric tension (Page et al., 2007). This has no effect on mucosal 

receptors (which is the opposite effect to that of leptin in the fed state) (Kentish et al., 2012). In the 

fasted state, ghrelin inhibits mucosal receptors and its inhibitory effect on vagal mechanosensitive 

neurons is augmented (Kentish et al., 2012). Ghrelin has been shown to both activate (Murray et al., 
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2006; Davis et al., 2020) and inhibit vagal firing (Asakawa et al., 2001) and this might be dependent on 

the location of the terminals. Importantly, like CCK, ghrelin has a regulatory role in changing the vagus 

phenotype (Burdyga et al., 2006). Knocking-down the vagal GHSR revealed a role of vagal ghrelin 

signalling in regulation of body weight regulation, meal patterning and gastric emptying, as well as a 

novel role in hippocampal-dependant contextual episodic memory (Davis et al., 2020). More recently, 

an interaction between ghrelin and GLP-1 in vagal afferents has been suggested (Zhang et al., 2020). 

3.1.3  Vagus nerve plasticity  

Studies in rats have revealed that the vagus nerve sensitivity to signalling molecules varies with 

nutritional status. This is achieved by changes in the expression level of receptors or peptides. 

Therefore, the afferent vagus nerve is not only a carrier of sensory information but also modulates the 

response to nutritional status. In the fed state, the afferent vagus nerve expresses receptors and 

peptides associated with reduced food intake, whereas in the fasting state, the expression of these 

receptors is reduced and orexigenic receptor expression is increased (Burdyga et al., 2004, 2006, 2008; 

De Lartigue et al., 2007, 2010). 

 

Burdyga and colleagues observed that Y2R, the receptor for the gut hormone PYY3-36, was expressed 

at a lower level in the NG under fasting conditions compared to the fed state, and this was rescued by 

CCK, and by re-feeding (which results in the endogenous release of CCK) but not if the CCK-RA was 

blocked (Burdyga et al., 2008). There were similar effects on the expression of vagal CART (De Lartigue 

et al., 2007), which mediates CCK-induced satiety in the vagus (Broberger et al., 1999).  CCK can also 

influence the expression of orexigenic receptors, such as the orexigenic CB1 and the melanin-

concentrating hormone receptor-1 (MCHR1), in the opposite fashion (Burdyga et al., 2004, 2006). 

  

Ghrelin can counteract CCK modulation of the vagus nerve phenotype. CCK-induced vagal CART 

expression is inhibited by ghrelin (De Lartigue et al., 2007). In addition, ghrelin blocked the decrease 

in vagal CB1 and MCHR1 in re-fed rats (Burdyga et al., 2006). Importantly, the expression of CCK-RA 

(Burdyga et al., 2004) and GHSR (Burdyga et al., 2006) do not depend on the acute feeding status. 

Therefore, in the preprandrial state, when ghrelin levels are high and CCK levels are low, the vagus 

nerve is in a ‘fasted phenotype’ with low expression of anorectic pathways. After meal intake, when 

CCK is high, the vagus nerve switches to a ‘fed phenotype’, in which expression of anorectic signalling 

mediators is increased (Dockray, 2014). The intracellular mechanism of this interaction between CCK, 

leptin and ghrelin to modulate vagal afferent plasticity was revealed by Lartigue and colleagues (De 

Lartigue et al., 2010). Leptin increases the expression of the transcription factor early growth 

response-1 (EGR-1) and, after food ingestion, CCK activates vagal afferents and induces the 
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translocation of EGR-1 to the nucleus. EGR-1 promotes the expression of CART (De Lartigue et al., 

2010) and presumably Y2R expression. Ghrelin inhibits the expression and translocation of EGR-1 (De 

Lartigue et al., 2010). 

 

Vagus nerve plasticity is altered in obesity: the afferent vagus nerve is fixed in the ‘fasting phenotype’ 

(de Lartigue, 2016). In obese rodents, afferent vagus nerve firing is impaired (Daly et al., 2011) and 

vagal afferent sensitivity to distension is reduced (Kentish et al., 2012). In obese rats, ghrelin’s 

orexigenic effect is potentiated (Kentish et al., 2012) while sensitivity to CCK is reduced (de Lartigue 

et al., 2012). This prevents CCK-induced modulation of the vagal phenotype. On the other hand, leptin 

resistance in the vagus nerve in obesity impairs the sensitivity of vagal afferents to CCK, resulting in 

reduced satiety signalling (de Lartigue et al., 2011, 2012). Similar to obese rats that develop leptin 

resistance, vagal-selective LepRb KO mice showed higher body weight and food intake in the dark 

phase compared to controls (de Lartigue, Ronveaux & Raybould, 2014).  Disruption of vagal leptin 

signalling reduced sensitivity to CCK, which could mediate the hyperphagic response in diet-induced 

obesity. Interestingly, vagal-selective LepRb KO resisted body weight gain on a HFD, probably due to 

compensatory mechanisms (de Lartigue, Ronveaux & Raybould, 2014).  The authors concluded that 

vagal leptin resistance is required for the development of obesity and that other mechanisms 

downstream of leptin resistance in the vagus also contribute to diet-induced weight gain. The reduced 

sensitivity to CCK results in loss of vagal plasticity so the expression of vagal neurotransmitters (e.g., 

CART) and receptors (e.g., Y2R) do not change. An altered vagal CART expression could be responsible 

for the reduced satiation and the resulting hyperphagia in vagal-selective LepRb KO mice. Lee and 

colleagues showed that a reduced vagal sensitivity to CCK blunted vagal CART expression in obese rats 

(Lee et al., 2020). CART release from the vagus fails in the obese state but CART anorexigenic effect 

was retained by injecting CART in the NTS, suggesting that vagal CART is a potential target for anti-

obesity treatments(Lee et al., 2020). This putative role of the vagus nerve in obesity is not well 

understood and is under investigation. It is still unclear if the changes in vagus nerve sensitivity are 

the cause or a consequence of obesity. 

3.1.4 The afferent vagus nerve in PYY3-36 signalling 

As previously described (see section 1.5), PYY is secreted from L-type EECs postprandially, and the 

truncated form PYY3-36 reduces food intake. However, the site or sites of action responsible for this 

effect are not fully understood and still controversial. Batterham and colleagues suggested that PYY3-

36 binds to Y2R in the ARC and supresses appetite via the NPY/AgRP – POMC/CART system (Batterham 

et al., 2002).  
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However, as with other gut hormones, PYY3-36 could mediate its anorectic effect via the vagus nerve. 

The receptor for PYY3-36, Y2R, is expressed in the vagus nerve in rodents (Zhang et al., 1997; Koda et 

al., 2005; Burdyga et al., 2008; Chang et al., 2015; Egerod et al., 2018) and in humans (Burdyga et al., 

2008). Y2R expression level in the vagus nerve of rats depends on nutritional status, suggesting a role 

in feeding (Burdyga et al., 2008).  

In rats, Koda and colleagues observed that bilateral subdiaphragmatic vagotomy abolished the 

anorectic effect of PYY3-36, as well as the PYY3-36-induced activation of neurones in the ARC, as 

determined by c-fos detection. In addition, electrophysiological studies revealed that PYY3-36 induces 

gastric vagal afferent firing (Koda et al., 2005). Another study also revealed that bilateral 

subdiaphragmatic vagotomy in rats abrogated the effect of PYY3-36 (as for GLP-1) (Abbott et al., 2005a). 

Importantly, they observed the same in transectioned rats, indicating that projections from the 

brainstem into the hypothalamus are required for the anorectic effects of PYY3-36. They also observed 

an ablation in ARC c-fos expression after PYY3-36 administration in vagotomised rats (Abbott et al., 

2005a). 

In contrast, other studies have not found evidence of a role of the vagus nerve in mediating the 

anorectic effect of PYY3-36. Capsaicin-mediated ablation of sensory neurones abrogated the anorectic 

effects of the GLP-1 agonist exendin-4 (Talsania et al., 2005) (and CCK in mice (Barrachina et al., 1997)), 

but not of PYY3-36 (Talsania et al., 2005). Bilateral subdiaphragmatic vagotomy in mice did not alter the 

acute anorectic effect of exogenous PYY3-36 in the first hours post-PYY3-36 injection (Halatchev & Cone, 

2005). Vagotomised mice showed more sensitivity to PYY3-36 than controls after 8h, which suggested 

some relationship between vagal tone and the anorectic effect of PYY3-36 (Halatchev & Cone, 2005). 

PYY3-36 was reported to induce neuronal activation in the NTS, the primary CNS site where vagal 

afferent signals are received (Halatchev & Cone, 2005), contrary to previous findings (Halatchev et al., 

2004).  

The discrepancies between these studies might indicate that there are differences in PYY3-36 signalling 

between rats and mice. Y2R expression in the NG is higher in rats (Zhang et al., 1997) than in mice 

(Koda et al., 2005; Chang et al., 2015). In addition, while Abbott and colleagues (Abbott et al., 2005a) 

showed firing of the vagal afferents in response to PYY3-36, a previous study showed an inhibitory effect 

in cultured rat NG by whole-cell patch clamp (Wiley, Gross & Macdonald, 1993). This Y2R inhibitory 

effect in brainstem-vagal circuits was also suggested in other electrophysiological studies (Schwartz & 

Moran, 2002; Browning & Travagli, 2003, 2009). 
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Several limitations might apply when studying PYY3-36 in the gut-brain axis. Capsaicin treatment and 

vagotomy alters all vagal signalling and leads to other off-target effects. Therefore, these models do 

not allow precise dissection of the PYY pathway or pathways of action. In addition, pharmacological 

doses of exogenous PYY3-36 might not act via the same pathways as endogenous PYY3-36 at physiological 

concentrations. Indeed, peripheral administration of PYY3-36 could suppress appetite by causing 

conditioned taste aversion depending on the dose (Halatchev & Cone, 2005). Depending on the 

administration route a central or a peripheral effect might be more favoured, as shown for GLP-1 

(Rüttimann et al., 2009).  

In addition, it is still possible that PYY3-36 can act via both central and peripheral sites. PYY3-36 could 

access the Y2R in the NTS (Stanić et al., 2006) by crossing the blood-brain barrier, as it has been 

suggested to act in the ARC, to regulate appetite. In contrast to the anorectic effect observed in ARC 

hypothalamus and in the periphery, intracerebroventricular injection of PYY3-36 has an orexigenic 

effect in rats (Corp et al., 2001).  Injection of PYY3-36 into the DVC of rats also had an orexigenic effect, 

and prevented exogenous CCK-induced anorexia (Huston et al., 2019). However, the role of vagal 

efferents in this response, or whether this effect also occurs in mice, remains unknown.  

In humans, fMRI revealed that PYY3-36 might act on homeostatic and hedonic centres (Batterham et 

al., 2007; De Silva et al., 2011) but it remains unclear if these effects are connected to vagal afferents, 

as has been shown for the effects of CCK in mice (Han et al., 2018). 

The interaction of anorectic gut hormones with vagal afferents results in inhibition of food intake but 

can also result in inhibition of gastric emptying, and together these effects limit nutrient delivery to 

the intestine (see section 3.1.2).  PYY is believed to inhibit gastric emptying via the ‘ileal brake’ (Pappas 

et al., 1986). Microinjection of low doses of PYY and Y2R agonists in the DVC of rats inhibited gastric 

motility induced by thyrotropin-releasing hormone (which activates gastric vagal efferents) (Chen & 

Rogers, 1995, 1997). This effect was blunted by vagal lesioning (Chen & Rogers, 1995). It was then 

suggested that PYY can access Y2R in the brainstem and directly inhibit DMV neurons to delay gastric 

motility (Chen & Rogers, 1997). However, other study suggested that PYY might interact with Y2R in 

the brainstem and decrease excitatory synaptic transmission between the NTS and DMV (Browning & 

Travagli, 2003). Apart from this endocrine action, gut hormones can also have a paracrine effect on 

gastric motility via vagal afferent fibres. For example, this might be the case for GLP-1 which, like PYY, 

is released from L-cells and is also a contributor to the ‘ileal break’. Capsaicin-mediated vagal afferent 

denervation blunted the inhibitory effect on gastric emptying of both systemic and central 

administered GLP-1 (Imeryüz et al., 1997). In addition, knockdown of the GLP-1R in vagal afferents 

accelerated gastric emptying, suggesting that GLP-1 acts on vagal afferents to modulate gastric 
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emptying (Krieger et al., 2016). It remains to be elucidated if PYY follows a similar paracrine pathway 

to inhibit gastric emptying.  

In order to study the role of vagal afferents in PYY3-36 signalling, we have generated different mouse 

models to disrupt vagal Y2R expression, and studied the resulting phenotype. Firstly, Nav1.8-Cre mice 

were crossed with Y2R-floxed mice. This approach has been used before to investigate vagal leptin 

signalling (de Lartigue, Ronveaux & Raybould, 2014). A more refined model was generated by inducing 

vagal afferent-specific Y2R knockdown in adult mice. This was achieved by bilaterally administering a 

neuron-specific Cre-expressing AAV into the NG (where the cell nuclei of vagal afferents are located) 

of Y2R-floxed mice. 

 

Figure 3.1.4.1. Potential sites where PYY3-36 may act to inhibit food intake. 

After nutrient ingestion, PYY is released from L-cells and diffuse into the lamina propria where vagal 

afferent terminals are located. Vagal afferents express the receptor for PYY3-36, the Y2R.  PYY could 

also enter the circulation and act on vagal afferents or access appetite centres where Y2R is expressed. 

ARC, arcuate nucleus; NG, nodose ganglia; NTS, nucleus tractus solitarii; Peptide YY. Some of the 

images were obtained from Servier Medical Art.  
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3.2 Hypotheses and aims 

The aims of the experiments described in this chapter were to: 

• Assess the effect of vagal Y2R signalling disruption on the acute feeding response 

to exogenous PYY3-36. 

• Establish a surgical technique of bilateral injection into the NG of mice as a recovery 

procedure to achieve viral-mediated selective knockdown (KD) of the Y2R in vagal 

afferent neurones. 

• Assess the effects of vagal Y2R signalling disruption on feeding behaviour. 

The hypotheses were that: 

• Peripheral PYY3-36 at physiological-like levels reduces food intake by activating Y2R 

in vagal afferents. 

• Supraphysiological levels of PYY3-36 directly activate central appetite pathways and 

are therefore vagus independent.  

• Vagal Y2R disruption alters satiety signalling. 

 

3.3  Materials and methods 

3.3.1  Animals  

All animal procedures complied with the British Home Office Animals (Scientific Procedures) Act 

1986 regulations and were performed under PPL PD75F462C (Prof Kevin Murphy, Imperial 

College London). 

Mice were housed under controlled conditions (21-23°C, 45-56% humidity) and a 12h light/dark 

cycle schedule (lights on 7:00 to 19:00) with ad libitum access to water and food (RM1, SDS Diets, 

Witham, UK) unless otherwise specified. In case of early dark phase experiments, lights were on 

from 23:00 to 11:00.  

 

To establish the Y2RloxP/+ mice colony, an aliquot of sperm from Y2RloxP/+ mice (donated by Prof 

Herbert Herzog, Garvan Institute of Medical Research, under a Material Transfer Agreement 

(MTA)) was used to fertilize C57BL/6J oocytes. In all studies, floxed-negative or Y2RloxP/- mice 

were used as controls.  
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Nav1.8 is a sodium channel isoform expressed in vagal afferents (over 75% of vagal afferents in 

mice) as well as in the spinal cord that have been used before to knockout LepRb in vagal 

afferents (de Lartigue, Ronveaux & Raybould, 2014). Sperm from Nav1.8-Cre mice was acquired 

from MRC Harwell under a MTA (Stirling et al., 2005) and used to fertilize C57BL/6J oocytes. 

Nav1.8-Cre mice were crossed with Y2R-floxed mice to generate Nav1.8/Y2R KO.  

 

For the conditioned taste aversion study (CTA), male C57Bl6/J mice (6 weeks old) were provided 

by Charles River. They were maintained in groups (6 animals/cage). 

3.3.2 Tissue digestion 

Ear notches were collected from 4-week-old mice using an ear puncher. For deoxyribonucleic 

acid (DNA) extraction, ear tissue was digested using KAPA Express Extract system (Sigma-Aldrich, 

Dorset, UK). Briefly, ear notches were transferred to 200 µL PCR tubes and 20 µL of a mix 

containing 1X KAPA Express Extract Buffer (stock 10X) and 0.02 U/µL KAPA Express Extract 

Enzyme (stock 1 U/μL) in molecular biology grade water (Ultrapure distilled water, Invitrogen, 

Paisley, UK) was added per tube. Lysis was performed in a thermocycler (Veriti™ 96-Well 

Thermal Cycler, Applied Biosystems, Warrington, UK) at 75°C for 10 min followed by a second 

step at 95°C for 5 min. DNA was diluted 1:10 with 10 mM Tris-HCl (pH 8.5) to dilute debris and 

digested proteins that might inhibit downstream steps. DNA extract was stored at -20°C.  

3.3.3 Polymerase chain reaction 

Primer sequences for genotyping Y2R-floxed and Nav1.8-Cre mice were provided by suppliers of 

the strains (Table 2.3.3.1). All primers used in genotyping were purchased from Sigma-Aldrich 

and were provided in dry form. They were re-suspended in molecular biology grade water and 

stored at 100 μM. A stock at 10 µM concentration was used for preparing the polymerase chain 

reaction (PCR) mix. 

Table 3.3.3.1. Primers used for genotyping of mice 

Name Sequence (5’ – 3’) Length Tm (°C) GC % 

NHE-3A TTAACATCAGCTGGCCTAGC 20 61.9 47.6 

NHE-6 GGAAGTCACCAACTAGAATGG 21 60.0 50.0 

Nav1.8Cre Forward CAGTGGTCAGGCTGTCACCA 20 67.8 60 

Nav1.8Cre Reverse ACAGGCCTTCAAGTCCAACTG 21 65.4 52 

Cre-seq AAATGTTGCTGGATAGTTTTTACTGCC 27 72.4 37 
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For a 10 μL PCR reaction, 1 μL of DNA and 9 μL of the PCR mastermix were transferred to PCR 

tubes or plate. PCR mastermix was prepared by mixing KAPA2G Fast (HotStart) Genotyping Mix 

(Sigma-Aldrich), forward and reverse primers (at a final concentration of 0.5 μM) in PCR graded 

water. Reactions were mixed and PCR was run in the thermocycler (see Table 2.3.3.2). The KAPA 

genotyping mix used includes KAPA2G Fast DNA Polymerase, buffer, dNTPs (0.2 mM each at 1X), 

MgCl (1.5 mM at 1X) as well as inert dye, allowing direct analysis of PCR products by 

electrophoresis without adding loading solution. 

Table 3.3.3.2. Thermal cycle profile PCR. 

Step Temperature (°C) Time (sec) Cycles 

Initial denaturation 95 180 1 

Denaturation 95 15 

35 Annealing 60 15 

Extension 72 15 

Final extension 72 60 1 

 

3.3.4 Agarose Gel Electrophoresis 

A 2% agarose gel was prepared by mixing UltraPure™ agarose gel (Invitrogen) in 1X Tris-acetate-

EDTA (TAE, see Appendix I). Agarose was dissolved by microwaving in pulses (swirling the flask 

occasionally). In order to visualize the DNA, 12 μL per 100 ml gel of 1% ethidium bromide (Merck, 

Hertfordshire, UK) was added. Agarose was poured into a gel tray (with the well comb) and the 

tray was incubated at room temperature (RT) until the agarose solidified. After removing the 

well comb, the gel was placed into the electrophoresis unit, which was filled with 1X TAE until 

the gel was covered. A molecular weight ladder (1 Kb Plus DNA Ladder, Invitrogen) and the 

samples were loaded into the lanes of the gel (5 μL/well). The gel was run at 100-150 V and 

stopped using the dye line as a guidance. The gel was visualised under ultraviolet light in a G:BOX 

imaging system (Syngene, Cambridge, UK).  

In case of Y2R-floxed, band sizes were 340 bp for wild-type (WT) and 395 bp for Y2R-floxed 

homozygote; the presence of both bands indicated a heterozygote. In the case of Nav1.8-Cre, 

band sizes were 346 bp for Nav1.8-Cre and 258 bp for WT (see Appendix II). 
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3.3.5 RNA extraction  

RNA was isolated using an acid guanidinium thiocyanate-phenol-chloroform method. Snap 

frozen tissue in 2 ml round-bottom tubes was homogenised in 500 μl of TRIsure™ (Bioline, 

London, UK) using the TissueLyser II. Lysate was mixed with 100 μl of chloroform, incubated for 

15 min at RT and centrifuged for 15 min at 12000 x g at 4°C. RNA is precipitated by mixing the 

upper aqueous phase with 1 volume of isopropyl alcohol containing 1 μl/ml GlycoBlue™ 

Coprecipitant (Invitrogen) and incubated for 10 min at RT. After spinning the samples at 12000 

x g for 8 min at 4°C, the pellet was re-suspended with 75% ethanol, spun at 12000 x g for 5 min 

at 4°C, and the resultant pellet air-dried at RT and then re-suspended in 10 μl of RNAse-free 

water. After incubating for 30 min at RT and for 20 min on ice, RNA was stored at -80°C. RNA 

concentration was measured using a NanoDrop™ Lite Spectrophotometer (Thermo Fisher 

Scientific, Hertfordshire, UK).  

3.3.6  Complementary DNA preparation 

DNA was digested using RQ1 RNAse-Free DNAse kit (Promega, Hampshire, UK). Briefly, RNA in a 

volume of 8 μL was prepared and mixed with 2 μL of DNAse mix (dilution 1:1 DNAse enzyme 

with DNAse buffer). After incubating for 30 min at 37°C, 1 μL of stop solution was added and 

samples were incubated at 65°C for 10 min.  

For complementary DNA (cDNA) synthesis, High Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher) was used. Reaction volume was 20 μl, consisting of 11 μl DNA-free RNA and 9 

μl of the RT mastermix. The final reaction consisted of 1X RT Buffer, 1X dNTP mix, 1X RT Random 

Primers, and 1 μL MultiScribe™ Reverse Transcriptase with the RNA. cDNA was synthesised in a 

Veriti™ 96-Well Thermal Cycler (25°C for 10 min, 37°C for 120 min, 85°C for 5 min) and kept at 

4°C until storage at -80°C.  

3.3.7  Real-time quantitative polymerase chain reaction  

For real-time quantitative polymerase chain reaction (RT-qPCR), 1 μL of cDNA was used in a 10 

μL reaction volume containing 1X TaqMan™ Gene Expression Master Mix (which contains the 

Taq DNA polymerase, dNTPs and other components of the reaction) and 1X TaqMan Gene 

Expression Assay (containing target-specific primers and fluorogenic probes, see Table 2.3.8.1). 

Pre-designed TaqMan™ Gene Expression assays and master mix were purchased from Thermo 

Fisher. The 384 well-plate was run on the CFX384™ detection system (Bio-Rad, Hertfordshire, 

UK) at the conditions shown in Table 2.3.8.2. Reactions were performed in triplicate and relative 

levels of mRNA gene expression calculated using the 2−ΔΔCt
 method.  
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Table 3.3.7.1. Thermal cycle profile for RT-qPCR 

Gene symbol Gene name TaqMan assay ID 

Npy2r Neuropeptide Y receptor Y2 Mm01956783_s1 

Ppil3 Peptidylprolyl isomerase (cyclophilin)-like 3 Mm00510343_m1 

 

Table 3.3.7.2. Probes used for RT-qPCR 

Step Temperature (°C) Time (min) Cycles 

Initial denaturation 50 2 1 

Denaturation 95 10 
60 

Annealing 60 1 

 

3.3.8 Surgery  

Adult mice (6-8 weeks old) were injected in the left and right NG with AAV following the method 

described in section 2.3.2. Ready-to-use viral particles of AAV were used: 

AAV9.hSyn.HI.eGFP.WPRE.bGH (1.32x1014
 genome copy (GC)/ml), AAV9.hSyn.HI.eGFP-

Cre.WPRE.SV40 (5.50x1013
 GC/ml), AAV5.hSyn.Cre.hGH (2.48x1013 GC/mL) or 

AAV5.hSyn.eGFP.WPRE.bGH (2.22x1013 GC/mL). All viruses were provided by the Penn Vector 

Core, University of Pennsylvania Gene Therapy Program. Homozygous for Y2R-floxed (Y2RloxP/+) 

received Cre-expressing AAV. Floxed-negative or Y2RloxP/- mice received control virus. 

 

3.3.9  Feeding studies 

Before the feeding studies, mice were singly caged at least for 5 days and accustomed to 

intraperitoneal (i.p.) injection (100 μL of saline) or oral gavage (300 μL water) in the early dark 

phase every other day during a week. Oral gavage was performed using a feeding needle 

attached to a 1 mL syringe. 

Using a crossover design, animals received each treatment in a random order. In the case of 

studies following i.p. injection, the treatments used were PYY3-36 (Tocris Biosciences, Abingdon, 

UK) at different doses (3 to 30 μg/kg), 5 μg/kg sulphated cholecystokinin octapeptide (CCK-8; 
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Tocris Biosciences, Abingdon, UK) or saline (vehicle control). The volume of i.p. was around 100 

μL (for an average size 25 g mouse). PYY3-36 and CCK-8 were prepared on the experimental day 

just before the i.p. injection by adding saline to pre-prepared freeze-dried vials or directly to the 

lyophilized form.  

In the case of oral gavage studies, a nutrient bolus was tested. This bolus consisted in a mix 17% 

(w/v) of D(+)-Glucose (Sigma-Aldrich), 8.3% (w/v) of L-arginine (Sigma-Aldrich), 41.7% (v/v) of 

extra virgin olive oil (Sainsbury's Supermarkets Ltd) and 58.3% (v/v) of Ensure® Plus (Abbott, 

Maidenhead, UK). All the animals received 300 μL of the bolus (or water as vehicle control). 

Therefore, a 25 g mouse would receive 1 g/kg of L-arginine, 2 g/kg of glucose, 5 mL/kg of olive 

oil and 7 mL/kg of Ensure® Plus. The meal was prepared on the experimental day just before 

oral administration and was mixed using a stirrer until oral gavage was performed 

Mice were fed ad libitum before and during the study. Just before the onset of the dark phase, 

animals and chow (RM1, SDS Diets) were weighed using a PLJ 420-3F (Kern & Sohn GmbH, 

Germany) precision balance (0.001 g readability). Any observable spilled food was removed from 

the cage. Mice received the treatment in the early dark phase (t = 0 h). Immediately thereafter, 

pre-weighed chow was placed on the hopper feeder and food intake measured as the difference 

between the chow weighed at t = 0 h and the weight of chow remaining at 1, 2, 4, 8 and 24 h 

post-injection. Treatments for an individual mouse were separated by 3-4 days wash-out period.  

3.3.10 Conditioned taste aversion study  

Male wildtype C57Bl/6J mice (6-week-old) were individually housed for 1 week with ad libitum 

access to food and water. Then, water was withdrawn (day 0) and mice were trained to consume 

daily water intake over 1 hour (light phase 11:00-12:00) for 6 consecutive days (day 1-6). To 

mimic the final experiment conditions and acclimate the mice, mice were weighed before giving 

them access to two water bottles (pre-weighed) during that hour. Immediately after the 1 h of 

water intake, water bottles were weighed. In addition, animals received i.p. injection with 100 

μl of saline (on day 1,3,5).  

 

On day 7, animals were randomly assigned to treatment groups using a strategy to minimise 

potential confounders (order of treatments, body weight and cage location). Instead of water, 

mice had access to a novel flavour (grape Kool-Aid) presented in two pre-weighed bottles. 

Immediately following the 1 h access to Kool-Aid, mice received i.p. injection of the treatment 
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and bottles were weighed. The treatments were vehicle (saline), 0.3M (1% BW) lithium chloride 

(LiCl, Sigma-Aldrich) and PYY3-36 at dose of 3 and 30 μg/kg. 

 

On day 8 (test day), mice were given a free choice of water or grape Kool-Aid. They were 

presented with two pre-weighed bottles one containing water and the other grape Kool-Aid 

solution, alternating bottle position to minimise potential confounders (i.e., half of the mice 

within a treatment group was presented with the novel flavour on the right side of the cage, and 

the other half of the mice was presented with the novel flavour on the left-side of the cage). 

Immediately after, bottles were weighed. CTA data was represented as a ratio calculated by 

dividing weight of grape Kool-Aid bottle intake by the average of the weight of intake of grape 

Kool-Aid bottle intake in the control (saline) group. 

 

3.3.11 Gastric emptying 

Mice were fasted for 8 h in the light phase with ad libitum access to water and local anaesthetic 

cream was applied on the tail surface. Blood from the tail vein was collected (t = 0) and animals 

received an oral gavage of a bolus containing 1% paracetamol (100 mg/kg) 20% D(+)-glucose 

(Sigma-Aldrich). Blood from the tail vein was collected at 15, 30 and 60 min in Microvettes® CB 

300 containing EDTA (Sarstedt Inc), spin at 3200xg for 15 min and plasma was stored at -80°C. 

The acetaminophen assay (Cambridge Life Sciences Ltd, Cambridgeshire, UK) was performed 

following a recommended reduced volume protocol from the kit supplier. Briefly, 5 µL of sample 

(neat plasma, diluted plasma in distilled water, paracetamol calibrator, diluted plasma in 

distilled water or distilled water (blank control)) were added to a clear 96-well microplate. 

Reconstituted enzyme reagent was added (50 µL/well), mixed and incubate at RT for 5 min. 

Then, 100 µL/well of Colour Reagent A and 100 µL/well of Colour Reagent B were added, mix 

and incubate for around 5 min. Absorbance was read at 620 nm. 

3.3.12 Oral glucose tolerance test (OGTT) 

Mice were fasted for 8 h with ad libitum access to water during the light phase. Local anaesthetic 

cream was applied on the tail of mice and the baseline blood glucose level was measured 

following venesection and sampling from the tail tip using a glucometer (GlucoRx) 15 min before 

glucose administration. Then, 2 g/kg of D(+)-glucose (20% w/v) was administered by oral gavage 

and blood glucose levels were measured at 15, 30, 60, 90 and 120 min. 
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3.3.13 Body composition 

Body composition was measured in live non-anaesthetised mice using an EchoMRI™-100H 

analyser (Houston, Texas). Mice are placed in a holder to minimize its movements and the holder 

is inserted in the EchoMRI™-100H for scanning. 

3.3.14  Metabolic assessment 

Metabolic characterisation was performed during 10 days using an Oxymax-CLAMS system 

(Columbus Instruments Comprehensive Lab Animal Monitoring System, Columbus, OH, USA), a 

service provided by MRC London Institute of Medical Sciences (LMS). On the start of the 

experiment, body weight values of the animals were inputted into the system. Animals were 

previously accustomed to individual housing and were also accustomed to single housing in 

CLAMS cages for 10 days. The CLAMS cages were located in an environmental enclosure at 22°C 

and on a 12h light/dark cycle schedule provided by LED lighting (dark phase 8pm to 8am). Water 

and chow (RM1) were available ad libitum. The pelleted food was located in an overhead feeder 

under which crumbs accumulate in a surface that the animal could access so crumb weight was 

accounted for. A water bottle was suspended and its weight was constantly monitored. 

Oxymax is an open-circuit indirect calorimeter that measures gas exchange by monitoring O2 

concentration. This system screens oxygen in each cage sequentially using a zirconia (ZrO2) 

sensor so readings are obtained every 27 min. The O2 consumption (VO2) and CO2 production 

(VCO2) are the differences between O2 fractions and CO2 fractions, respectively, at the input and 

output ventilations. These are corrected for the nitrogen displaced in this gas exchange as well 

as normalised to the body weight of the animals. The input ventilation was set at around 0.50 

L/min. The system also calculates the respiratory exchange ratio (RER, ratio between the VCO2 

and the VO2) and the heat (kcal/h).  

Activity monitoring was based on infrared photo beams arranged in a grid pattern in the X, Y 

and Z axis around the CLAMS cages. When the animal moved, the beams were interrupted so 

the position of the animal could be continuously recorded. Locomotor activity accounts for 

ambulatory activity (when consecutive adjacent beams are broken) plus repetitive movements 

(e.g., grooming). Rearing events are detected in the Z axis. 

Food intake, water intake and activity are binned together in the same interval as the 

calorimeter readings and are also available as high-resolution data with shorter intervals. The 

web-based tool CalR was used to visualise the data (Mina et al., 2018). 
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3.3.15  Endogenous PYY secretion induction with a nutritious bolus 

Littermate controls (n = 13) were used to test the effect of a nutritious bolus (see section 3.3.9) 

on plasma PYY levels. This mix was prepared on the day of the study and 300 μL of this nutritious 

mix was administered by oral gavage. Blood was collected from 500 µL Microvette® tubes 

containing K3 EDTA (Sarsted) as well as 10 µL of the protease inhibitor Aprotinin (100,000 

KIU/mL, Nordic Pharma Ltd). Blood samples were stored in ice until they were centrifuged at 

1000-2000 xg for 15 min. Plasma was collected and stored at -80°C. 

3.3.16  Radioimmunoassay of PYY 

The radioimmunoassay was performed and analysed with the help of Prof KG Murphy and Dr G 

Franco-Becker. PYY-like immunoreactivity was measured using an established in-house 

radioimmunoassay (Adrian et al., 1985). Plasma samples were run in singlets in parallel with 

several standard curves and other controls (in duplicate) were assayed in parallel. The standard 

curve was composed of 1, 2, 3, 5, 10, 15, 20, 30, 50 and 100 fmol/tube of synthetic unlabelled 

PYY. Tubes containing no sample/standard (‘zero’ controls) were at regular intervals throughout 

the assay. In addition, ‘zero’ controls containing half and double amount of label used in the 

standard/sample assays were used. To control for non-specific binding (NSB), tubes containing 

everything except standard/sample and antibody were run in parallel. 

The assay was performed in 0.06 M phosphate buffer containing 9.8 mM EDTA and 0.05% 

sodium azide (pH 7.2) (see appendix I). On the day of the RIA, BSA (First Link UK Ltd) and Tween® 

20 (Amresco) were added to this buffer at 1% and 0.02%, respectively. Firstly, buffer was added 

to all the tubes and 100 μl of ‘zero plasma’ was added to the tubes of the standard curve. ‘Zero 

plasma’ is a charcoal stripped fetal bovine serum that does not contain lipid-related components 

(e.g., hormones and cytokines) but does contain other materials of different molecular weights 

(e.g., salts, glucose, amino acids) so it acts as a control of the sample matrix effect. Plasma 

samples were vortexed and 100 μL was used per tube in singlet. Buffer was added to 125I-PYY 

and radiation was monitored using the CAPRAC®-t system so the final level 20 counts per second 

(cps) per tube. Standard solution was added at different volumes to cover a range of 

concentrations. Plasma samples were vortexed and 100 μL was added per tube (singlet). The 

antibody Y21 (Bachem, UK) was used at a final dilution of 1:50,000. After vortexing the tubes, 

tubes were covered with foil and incubated for 3 days at 4°C. The Y21 antibody was raised in 

rabbits and is specific for the C-terminal of PYY. It fully reacts with both PYY1-36 and PYY3-36 and 

does not cross-react with PP, NPY or other known gut hormones. 
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The separation method was based on dextran-coated charcoal. The dextran coating allows only 

small molecules to absorb into the charcoal, while excluding larger complexes, i.e., antigen-

antibody complexes. Charcoal was coated with dextran and mixed in phosphate buffer (used for 

running the RIA) with gelatine (VWR Chemicals). Charcoal was added (4 mg/tube) and tubes 

were centrifuged at 1500 xg for 30 minutes at 4°C. The fractions were separated and the 

supernatant was covered with hot wax. Both the pellet (bound PYY) and the supernatant 

(unbound PYY) were counted for 4 min in a γ counter (Multi Crystal LB2111, Berthold 

Technologies, Harpenden, UK). Peptide concentrations in the samples were calculated using a 

non-linear plot (Prism, GraphPad software). The intra-assay CV (calculated in duplicated 

standard curves) was 3.47%. 

3.3.17 c-Fos induction 

The early gene c-fos can be used as a marker of neuronal activation. C-fos protein expression 

was assessed at 90 min after treatment as that is when protein expression peaks (Morgan & 

Curran, 1991). On the experimental day, animals were randomised based by body weight (in the 

case of two treatments) and food was removed 4 h before experimental treatment to avoid food 

intake-mediated c-fos induction.  

3.3.18 Mouse perfusion-fixation 

Animals were anaesthetised with i.p. injection of pentobarbital and perfusion surgery was 

started once the animal was unresponsive to paw pinch. An incision was made below the 

diaphragm and the rib cage cut to expose the heart. A 15-gauge blunt needle (connected to the 

tube-syringe system) was inserted into the left ventricle and the right atrium cut to allow flow. 

Animals were perfused using a tube connected to a syringe that was previously primed to avoid 

bubbles. First, 30 mL of heparinized 0.01 M phosphate-buffered saline (PBS) was perfused, 

followed by 4% formaldehyde (FA) in 0.01 M PBS. The head was removed, the brain dissected 

and stored in 4% FA-PBS in 5 mL tubes overnight at 4°C. For cryoprotection, brains were stored 

in 30% sucrose (Sigma Aldrich), 0.02% sodium azide in 0.01 M PBS at 4°C until sectioning. 

3.3.19 c-Fos immunohistochemistry 

The brainstem was sliced using a sledge microtome (AS200, Shandon) connected to a solid-state 

freezer (Bright instruments). Serial sections (40 µm) were stored in 24-well plates in anti-freeze 

solution (see appendix I) at -20°C. Immunohistochemistry was performed in every fourth section 

of the brainstem (approximately every 120 µm of the tissue, around 30 sections/animal). In each 
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immunohistochemical assay, a few sections of brainstem from lithium chloride injected mice 

were used as a positive control of c-fos staining. 

Free-floating sections were immunostained in Corning® 15 mm Netwell™ inserts with 74 µm 

polyester mesh (5 sections/well). Each tray contained sections from an experimental and a 

control group. Inserts containing the sections were placed on a Netwell holding tray using a well-

holder. Sections were washed 3 times, 5 min each time in 0.01 M PBS at RT on the shaker.  In 

order to block endogenous peroxidase activity, slices were incubated for 15 min at RT in 0.6% 

H2O2 (Sigma Aldrich) in methanol on the shaker. After repeating the washes in 0.01 M PBS, non-

specific binding sites were blocked by incubating the sections for 2 h in 0.01 M PBS containing 

3% normal goat serum (Gibco, UK) and 0.25% Triton X100 (VWR International, Leicestershire, 

UK) at RT. Anti-c-Fos antibody (ab190289, Abcam, Cambridge) was diluted 1:15,000 in the 

blocking solution. Inserts containing the sections were transferred to a 12-well plate and 

sections were incubated with the diluted antibody (3 mL/well) overnight at 4°C on the shaker.  

Sections were washed 3 times, 5 min each time in 0.01 M PBS containing 0.05% Tween-20 

(Amresco) (PBS-Tween) at RT on the shaker. The VECTASTAIN® Elite ABC kit (Vector Laboratories, 

Peterborough, UK) was used for immunoperoxidase detection. Firstly, biotinylated goat anti-

Rabbit IgG (H + L) antibody was diluted 1:400 in 0.3% bovine serum albumin (BSA; Sigma-Aldrich) 

0.25% Triton X100. In a 12-well plate, sections were incubated with the diluted antibody (3 

mL/well) for 2 h at RT on the shaker. After repeating the PBS-Tween washes, slices were 

incubated in the avidin/biotin complex (ABC) solution for 1 h at RT on the shaker. The ABC 

solution contained both reagent A (avidin DH) and reagent B (biotinylated peroxidase) diluted 

1:200 in 0.05M Tris·HCl, pH 7.6 (see appendix). Sections were washed 3 times with PBS-Tween 

and incubated in peroxidase substrate solution. Peroxidase substrate solution contained 1% of 

50 mg/mL 3,3’-Diaminobenzidine tetrahydrochloride hydrate (DAB, Sigma-Aldrich) and 0.01% 

H2O2 in 0.01M PBS. When desired stain intensity was achieved (around 10-15 min), the reaction 

was stopped with 0.01M PBS. Sections were washed 3 times, 5 min each time in 0.01 M PBS at 

RT on the shaker and mounted on poly-lysine coated slides (VWR International) using a thin 

brush. When dry, slides were washed in 70% ethanol, 100% ethanol (twice) and xylene, 

sequentially (30 s each). The slides were then mounted in DPX and cover-slipped.  

3.3.20 c-Fos quantification 

Imaging was performed with an Eclipse Ti2 inverted microscope (Nikon) with an ORCA-Flash 

4.0LT+ digital camera (Hamamatsu). All the sections were imaged in the brightfield channel (10 
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ms exposure) using 10X/0.3 NA (numerical aperture). For image acquisition, a grid was created 

using the Multiple positions mode using the edges of the brain sections as reference (overlap of 

10%). Fiji software was used to stitch the images (order defined by image metadata) (Preibisch, 

Saalfeld & Tomancak, 2009). 

For blind c-fos analysis, image files were renamed by a lab member (who saved the original and 

new code name). Each section was classified according to the mouse brain atlas (Bregma). 

Templates to define brainstem regions were created in PowerPoint (Microsoft) and c-fos-

positive cells were manually counted. After counting was completed, the original names of the 

files, and therefore the identities (treatment, genotype) of the animals, were revealed. 

3.3.21 Statistical analysis  

Data is expressed as mean ± standard error of the mean (SEM).  Statistical analyses were 

performed by two-tailed unpaired Student’s t test or by one-way or two-way ANOVA. ANOVA 

where followed by multiple comparison tests. If there are missing values, mixed-effects model 

was used. Statistical analyses were performed using Prism 8.0 software (GraphPad, La Jolla, CA). 

In other cases, Kruskal-Wallis test, followed by Mann-Whitney test were used. Differences were 

considered significant if p < 0.05. Significant P values are shown as *. 

High-resolution food intake data obtained from CLAMS cages was cleaned based on maximum 

cut-offs previously defined (Campos et al., 2016); less than 0.1% of data points were lost. These 

cut-offs were 0.5 g as max meal size, 20 min as max meal duration and 80 min as max inter-meal 

duration. Probability distribution functions for meal patterning were produced using customised 

MatLab scripts. A probability distribution function shows the probabilities of a variable for all its 

possible values. These probabilities associated with specific values have to be between 0 

(impossible event) to 1 (certain) and the sum of probabilities of the events is 1. Non-parametric 

kernel density estimation was used to estimate the probability distribution function. For n data 

on a given variable X, (x1,x2,...,xn), the kernel-based estimate the density (f) of X at a generic point 

(Fig. 2.3.17.1). K is a kernel function that needs to satisfy certain properties and h is the 

bandwidth, a smoothing parameter that tends to zero while n tends to infinity. The bandwidth 

was chosen using Silverman’s rule of thumb, which computes an optimal bandwidth by assuming 

the data is normally distributed (Silverman, 1986). 

 

Figure 3.3.21.1. Function of kernel density estimation.  
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Because the data set is non-negative, the standard kernel function would have bias at 

boundaries (near 0). This was overcome by mirroring the data (Schuster, 1985) and by using an 

Epanechnikov kernel, which has a bounded support (Epanechnikov, 1969). The difference 

between comparator probability distribution functions was analysed using a Kolmogorov-

Smirnov (K-S) test. This non-parametric test compares the empirical distribution of a given 

variable and hence focuses on cumulative distribution functions rather than densities. These 

analyses were performed by Dr V Salem and Prof W Distaso (Imperial College London). 

3.3.22 Experimental design 

Nav1.8-Cre mice were crossed with Y2R-floxed mice. Males Nav1.8/Y2R KO were subjected to 

body composition assessment and acute feeding studies in response to exogenous PYY3-36 at low 

and high doses. In a final experiment, animals received exogenous PYY3-36 or vehicle and c-Fos 

expression in brainstem was assessed and Y2R expression in the NG was assessed by qPCR. 

The use of a low dose PYY3-36 aims to avoid the pharmacological effects of high doses PYY3-36 and, 

therefore, to study the action of PYY3-36 in a more physiological way. In an individual experiment 

in wildtype mice, we tested if the PYY3-36 doses used in this work caused aversion (3.3.10). 

Nav1.8-Cre approach might alter Y2R expression in other locations and can develop 

compensatory mechanisms. To overcome this, we generated a vagus-specific knockdown model 

in the adult mouse by bilaterally administering a Cre-expressing AAV into the NG, where the cell 

nuclei of vagal afferents are located, of Y2R-floxed mice. This approach is similar to a previous 

approach in which a lentivirus delivering short-hairpin RNA (shRNA) construct was delivered in 

the NG of rats (Krieger et al., 2016). Mice were subjected to body composition assessment. 

Acute feeding studies in response to low dose and high dose of PYY3-36 as well as CCK-8 (positive 

control of functional afferent vagus nerve) were performed. Acute feeding studies in response 

to a nutrient bolus were also performed. We confirmed in other littermate control animals that 

the nutrient bolus causes an increase in plasma PYY. In a final experiment, animals received this 

nutrient bolus to investigate c-Fos expression in brainstem, and Y2R expression in the NG was 

assessed by qPCR. 

Gastric emptying (section 3.3.11) and glucose tolerance (3.3.12) was assessed in a different 

cohort. Another cohort was subjected to metabolic characterisation using a Comprehensive Lab 

Animal Monitoring System (CLAMS) (section 3.3.14). This system allowed to study meal 

patterning. 
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3.4 Results 

3.4.1  Effect of fasting in vagal Y2R expression in mice 

In order to test if nutritional status also alters Y2R expression in mice as shown in rats (Burdyga 

et al., 2008), Y2R expression was quantified in single NG after a 24 h-fast in NG Y2R + control 

mice (Fig. 3.4.1.1). Two-way ANOVA revealed that Y2R expression was not altered by fasting and 

that there was no interaction between the feeding status and the NG side (p = 0.5048, F (1, 12) 

= 0.4728), but there was higher expression in the right NG (p = 0.049, F (1, 12) = 4.778). 

 

Figure 3.4.1.1. Relative expression of Y2R in left and right NG in fed and 24 h-fasted control 

mice.  

Littermates of Y2R-floxed mice injected with control AAV9-GFP in the NG (n = 4 per group). 

Expression is relative to Ppil3 and normalised to right NG Y2R expression in fed group. 

 

3.4.2  Phenotype of Nav1.8/Y2R KO mice 

In order to knockout the Y2R in vagal afferents, Y2R-floxed animals were crossed with Nav1.8-

Cre mice (Stirling et al., 2005). Littermate controls were a mix of Nav1.8Cre/+ (homozygous), 

Y2RloxP/+ and Y2RloxP/- (heterozygous). The Nav1.8/Y2R KO animals showed a significant reduction 

of around 60% in Y2R expression in both left and right NG compared to littermate controls (Fig. 

3.4.2.1). There was no interaction between the expression and the NG side (two-way ANOVA: p 

= 0.9863, F (1, 12) = 0.0003). Although not a complete knockout, these mice will be hereby 

referred to as Nav1.8/Y2R KO.  
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Figure 3.4.2.1. Relative expression of Y2R mRNA in left and right NG in Nav1.8/Y2R KO mice. 

Expression is relative to Ppil3 (normalised Y2R expression in right NG of control group). Animals 

were sacrificed at 16-30 weeks of age (n = 3-5 per group). Two-way ANOVA followed by 

Bonferroni’s multiple comparisons test (** p < 0.01, ***p < 0.001). 

 

 

No differences in body weight were observed between age-matched Nav1.8/Y2R KO and 

controls (mixed effect analysis: time x genotype: p = 0.1123, F (19, 178) = 1.442) (Fig. 3.4.2.2, A). 

No differences in body composition were observed between age-matched Nav1.8/Y2R KO and 

controls (Fig. 3.4.2.2, B,C). 
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Figure 3.4.2.2. Body weight and body composition of Nav1.8/Y2R KO mice.  

Age-matched body weight (g) of Nav1.8/Y2R KO and controls over time (A). Lean mass (B) and 

fat mass (C) as % of body weight in Nav1.8/Y2R KO (n = 6) and in littermate controls (n = 12) at 

age 6-12 weeks. 

 

3.4.3 Acute effects of exogenous PYY3-36 in food intake of Nav1.8/Y2R 
KO mice 

In order to study the feeding response to PYY3-36 in Nav1.8-specific Y2R KO, fed mice were 

injected with PYY3-36 at doses previously studied in rodents (Batterham et al., 2002; Halatchev et 

al., 2004) in the early dark phase. No significant interaction was observed between treatment 

and genotype (two-way ANOVA: p =0.1486, F (2, 48) = 1.984) at 1hr; p = 0.4305, F (2, 48) = 0.8577 

at 2h) (Fig. 3.4.3.1).  
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In control mice, a reduction in food intake was observed after low dose (p = 0.0016 at 1 h; p = 

0.0465 at 2 h) and high dose PYY3-36 in a dose-dependent manner (p = <0.0001 at 1 h and 2 h). 

However, the anorectic effect of the low dose of PYY3-36 was abrogated in Nav1.8/Y2R KO mice 

(p >0.9999 at 1 h and 2 h).  

 

Of note, no significant differences were observed between Nav1.8/Y2R KO and controls at low 

dose PYY3-36 (p = 0.189 at 1h; p = 0.470 at 2 h). This is likely due to the small magnitude of PYY3-

36 effect in food intake at this dose (around 20-30% reduction in FI in control). 

 

Figure 3.4.3.1. Cumulative food intake after i.p. injection of PYY3-36 in Nav1.8-Y2R KO mice. 

Food intake (FI) at 1 h (A) and 2 h (B) after PYY3-36 was injected at different doses or saline in 14 

weeks-old Nav1.8/Y2R KO (n = 7) or littermate controls (n = 11). Two-way ANOVA followed by 

Bonferroni’s multiple comparisons test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

3.4.4 Effect of exogenous PYY3-36 in brainstem neurone activation of 
Nav1.8/Y2R KO mice 

In a final experiment, c-fos expression in the brainstem of Nav1.8/Y2R KO and controls was 

quantified after administration of vehicle or low dose PYY3-36 (Fig. 3.4.4.1). Kruskal-Wallis test 

did not reveal significant differences between groups (AP & NTS: 0.1329; NTS: p = 0.2309). A 
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trend towards an increased c-fos expression in the caudal NTS and AP was observed in littermate 

controls injected with PYY3-36 (p = 0.064, non-parametric Mann-Whitney test). 

 

 

Figure 3.4.4.1. c-fos expression in brainstem of Nav1.8-Y2R KO after i.p. injection of PYY3-36. 

Representative images of brainstem in littermate controls (A,B) and Nav1.8/Y2R KO (C,D) 

approx. 90 min after i.p. injection of vehicle (A,C) or PYY3-36 at 3 μg/kg  (B,D). Location of area 

postrema (AP) and nucleus tractus solitarius (NTS) are indicated. Mean of c-fos-positive 

neurones in AP and NTS of Nav1.8/Y2R KO (n = 2-3 per treatment group) or littermate controls 

(n = 4-5 per treatment group). In E, the number of c-fos-positive cells in 2 brain slices where the 

AP and caudal NTS are located (-7.48 to -7.32 Bregma (mm)) is shown. In F, the mean of the 

number of c-fos-positive cells in 3 to 6 slices between -6.24 to -7.48 Bregma (mm) in mouse 

brain atlas is shown. Mice were sacrificed at 16-30 weeks of age.  
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3.4.5 Condition aversion test in response to of exogenous PYY3-36 

Previous studies have shown that peripherally administered PYY3-36 causes conditioned taste 

aversion and suggested that this could contribute to the anorectic effect (Halatchev & Cone, 

2005). Therefore, it was important to test if the i.p. injected PYY3-36 induced CTA in mice. We 

used a two-bottle, one-flavour CTA assay in male wild type mice to test the PYY3-36 doses used 

in the feeding studies. One-way ANOVA revealed significant differences (p = 0.004, F (3, 28) = 

5.544). PYY3-36 did not reduce the intake of Kool-Aid compared to saline group at any tested dose 

(Fig. 3.4.5.1). The positive control LiCl caused a drastic reduction in the ratio compared to saline 

(p = 0.029), PYY3-36 3 μg/kg (p = 0.0107) and PYY3-36 30 μg/kg (p = 0.0075). 

 

Figure 3.4.5.1. Conditioned taste aversion in lean wildtype mice trained to associate indicated 

treatments with grape Kool-Aid flavor.  

Intake of Kool-aid is showed relative to the saline group. 0.3M LiCl is used as positive control 

(n=8/group). One-way ANOVA followed by Tukey's multiple comparisons test (*p < 0.05, **p < 

0.01). 

 

 

3.4.6 Characterisation of NG Y2R KD mice 

Nav1.8 is expressed in vagal sensory neurones but also in other locations. In addition, germline 

mouse models can develop compensatory mechanisms. Since these factors can influence the 

resultant phenotype, we investigated the effect of a vagal-specific disruption of Y2R signaling in 

the adult mouse. In order to do that a Cre-expressing AAV was bilaterally injected in the NG of 

Y2R-floxed homozygous (Y2RloxP/+) mice (Fig. 3.4.6.1, A). Control mice received a AAV control 

virus expressing GFP (Fig. 3.4.6.1, B). The expression of both this Cre-expressing AAV virus and 
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the AAV control (that does not express Cre recombinase) is neuron-specific due to the use of 

the human synapsin (hSyn) promoter.  

After metabolic phenotyping, NG were individually collected for evaluation of Y2R expression. 

Control mice showed a higher Y2R expression in right NG compared to left NG (p = 0.023, 

unpaired Student’s t test). There was no interaction between relative expression and NG side 

(two-way ANOVA: p = 0.3629; F (1, 50) = 0.8430). A reduction in Y2R mRNA was observed in left 

(p = 0.0097) and right NG (p = 0.0002) (Fig. 3.4.6.1, C).  

  

 

Figure 3.4.6.1. Vagal-specific Y2R knockdown in adult mice 

Strategy by delivering neuron-specific adeno-associated virus (AAV) expressing Cre in the 

nodose ganglia (NG) of Y2RloxP/+ (A). Representative image of NG in culture from control mice 

that received a GFP-expressing control virus in the NG (NG Y2R +) (B). Relative expression of Y2R 

mRNA in left and right NG to Ppil3 (normalised Y2R expression in right NG of control group) in 

Y2RloxP/+ mice injected with Cre-expressing AAV into the NG (NG Y2R KD) and of littermates 

injected with a control AAV (NG Y2R +) that were sacrificed at 17-21 weeks post-surgery (n = 13-

14 mice). C: Two-way ANOVA followed by Bonferroni’s test (**p < 0.01, ***p < 0.001). Unpaired 

two-tailed Student’s t test (*p < 0.05).  
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Body weight was higher in the NG Y2R KD up to 6 weeks post-surgery but converged with that 

of controls by week 6 (two-way ANOVA: p < 0.0001; F (12, 300) = 4.688) (Fig. 3.4.6.2, A). No 

differences in cumulative food intake over a week were observed at week 7 (Figure 3.4.6.2, B). 

No differences in body composition were observed (Fig. 3.4.6.2, C-D). 

 

Figure 3.4.6.2. Body weight, food intake and body composition of NG Y2R KD mice. 

Body weight post-surgery in NG Y2R KD (n = 15) and control mice (n =12) (A). Four weeks (dashed 

line) were allowed for virus expression after injection. Food intake in NG Y2R KD and controls 

over 6 days at week 7 post-surgery (n = 7 per group) (B).  Lean mass (C) and fat mass (D) as % of 

body weight in NG Y2R KD (n = 7) and controls (n = 9) at 16 weeks post-injection. A: Two-way 

ANOVA. 

 

3.4.7 Acute effects of exogenous PYY3-36 in food intake of NG Y2R KD 
mice 

The response to a low and a high dose of PYY3-36 was assessed in feeding studies (Fig. 3.4.7.1, A-

B). There was a tendency to interaction between treatment and genotype, albeit not significant, 

at 1 h (two-way ANOVA:  p = 0.098, F (2, 42) = 2.450).  In control animals, low-dose PYY3-36 

showed a tendency to reduce food intake in the first hour post-injection compared to vehicle (p 
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= 0.059). This effect was abrogated in NG Y2R KD mice. High-dose PYY3-36 reduced food intake in 

both NG Y2R KD and control animals compared to vehicle although this did not reach significancy 

(p = 0.058 and p = 0.089, respectively). 

After 2 h, there was no interaction between treatment and genotype (p = 0.181, F (2, 42) = 

1.781). No differences in food intake between the first and second hour were observed between 

NG Y2R+ and NG Y2R KD (data not shown). Therefore, the changes observed at 2 h are caused 

by the effect of PYY3-36 in the first hour.  

In order to confirm that vagal afferent signalling remained intact after injection, the response to 

CCK-8 was investigated. Both groups were respondent to CCK-8 and no differences were 

observed between them (Fig. 3.4.7.1, C). These data suggests that the anorectic effect of PYY336 

at high dose is independent of vagal Y2R expression. Therefore, PYY3-36 is likely acting in Y2R 

located in other areas (e.g., hypothalamic ARC or brainstem). 
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Figure 3.4.7.1. Cumulative food intake after i.p. injection of PYY3-36 and CCK-8 in NG Y2R KD 

mice. 

Food intake (FI) at 1 h (A) and 2 h (B) post-i.p. injection of PYY3-36 at different doses or vehicle 

(saline) in the early dark phase in NG Y2R KD (n = 7) or controls (n = 9). Cumulative FI after CCK-

8 or vehicle (saline) in the early dark phase in NG Y2R KD or controls (n = 13-14) (C). A, B: Two-

way ANOVA followed by Bonferroni’s test. C: Three-way ANOVA (time x treatment, *p < 0.05). 

 

3.4.8 Effect of endogenous PYY in food intake of NG Y2R KD mice 

In order to study the response to endogenously secreted PYY3-36, a mix of Ensure, L-Arginine, 

glucose and olive oil was orally administered to 13 littermate control mice and the effect on 

plasma PYY levels investigated (Fig. 3.4.8.1). Blood was obtained before or after oral gavage of 

the bolus and PYY levels were detected by RIA. An increase in PYY was observed at 30 min post-

oral gavage but this did not reach significance (p = 0.053). 
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Figure 3.4.8.1. Plasma PYY levels after oral gavage of a nutritious bolus. 

PYY levels were measured before oral gavage (n = 4), at 30 min (n = 5) and at 1h (n = 4) post-oral 

gavage of a nutritious bolus (300 μL). 

 

 

Since the nutritious bolus caused an increase in plasma PYY, its acute effect in food intake was 

studied in NG Y2R KD animals (Fig. 3.4.8.2). The bolus caused a reduction in food intake in the 

first few hours after administration in both groups compared to vehicle (Fig. 3.4.8.2, A). When 

comparing NG Y2R + with NG Y2R KD, the effect of the bolus in feeding was attenuated in the 

NG Y2R KD group (Fig. 3.4.8.2, B). There was no time x treatment interaction (two-way ANOVA: 

p = 0.206, F (2, 69) = 1.615) (Fig. 3.4.8.2, B). 
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Figure 3.4.8.2. Cumulative food intake after oral gavage of a nutritious bolus in NG Y2R KD 

mice. 

Food intake (FI) after oral gavage of a nutritious bolus (more detailed in B) or vehicle in NG Y2R 

KD (n = 12) or controls (n = 13) (A). A: Three-way ANOVA (time x treatment, ****p < 0.0001). B: 

Two-way ANOVA followed by Bonferroni’s multiple comparisons test (*p < 0.05). 

 

3.4.9 Effect of vagal Y2R KD in gastric emptying and glucose tolerance  

It has been suggested that PYY3-36 inhibits gastric emptying (Chelikani, Haver & Reidelberger, 

2004) but the mechanism is not well understood. We investigated if altered gastric emptying 

had a role in vagal Y2R-mediated feeding suppression in another cohort using an acetaminophen 

(paracetamol) absorption test. In this test, acetaminophen was administered with a glucose 

bolus and assumed to pass through the stomach at the same time as the nutrients. The 

acetaminophen would be rapidly absorbed in the small intestine and, therefore, the rate of 

appearance of this drug in plasma reflects the rate of gastric emptying. Higher circulating 

acetaminophen levels were observed after 15 min in NG Y2R KD group compared to controls (p 

= 0.031) (Fig. 3.4.9.1, A). There was a time x treatment interaction in the gastric emptying assay 
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(two-way ANOVA: p = 0.042, F (3, 24) = 3.179). In this same cohort, glucose tolerance was 

investigated in an OGTT (Fig. 3.4.9.1, B,C). No significant difference in AUC of glucose (p = 0.1275) 

was observed between NG Y2R KD group and  control (Fig. 3.4.9.1, C). 

  

Figure 3.4.9.1. Gastric emptying and glucose tolerance in NG Y2R KD. 

Plasma acetaminophen levels after oral gavage of a 20% glucose bolus containing 1% 

acetaminophen in 9 h-fasted NG Y2R KD (n = 3) and control animals (n = 7). Blood glucose 

(mmol/L) during an OGTT (B) and its AUC (C) in 4-h fasted NG Y2R KD (n = 5) and control animals 

(n = 7). A: Two-way ANOVA followed by Bonferroni’s multiple comparisons test.
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3.4.10 Effect of endogenous PYY in brainstem neuron activation of NG 
Y2R KD mice 

We investigated the role of vagal Y2R in activating brainstem neurones upon endogenous PYY 

release in response to the nutritious bolus. No significant differences in c-fos-positive cells 

were observed between NG Y2R KD and controls (AP & NTS: p = 0.429; NTS: p = 0.429, Mann-

Whitney test). (Fig. 3.4.10.1). Surprisingly, there was a tendency towards increase c-fos-

positive cells in AP-NTS. This could be due to the small sample size in this experiment and the 

variability in the NG Y2R KD group.  

 

Figure 3.4.10.1. c-fos expression in brainstem of NG Y2R KD mice after oral gavage of a 

nutritious bolus. 

Representative images of brainstem in NG Y2R+ (A) and NG Y2R KD (B) receiving a nutritious 

bolus approx. 90 min before. Location of area postrema (AP) and nucleus tractus solitarius (NTS) 

are indicated. Mean of c-fos-positive neurones in AP plus NTS (C) and in NTS (D) of NG Y2R KD 

(n = 6) or NG Y2R + (n = 5). In C, the mean of the number of c-fos-positive cells in 2 brain slices 

where the AP and NTS are located (-7.48 to -7.32 Bregma (mm)) is shown. In D, the mean of the 

number of c-fos-positive cells in 3 to 6 slices between -6.24 to -7.48 Bregma (mm) in mouse 

brain atlas is shown. Mice were sacrificed at 21 weeks post-surgery. 
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3.4.11 Meal patterning in NG Y2R KD 

We investigated if vagal Y2R modulated meal patterning using metabolic cages for 7 days 

(following a three-day acclimatization period) 10-12 weeks post-injection. This system records 

food and water intake, physical activity as well as perform indirect calorimetry. No differences 

in EE, oxygen consumption and substrate utilization (data not shown) were observed in NG Y2R 

KD compared to NG Y2R + controls (Fig. 3.4.11.1, A, B). There was no significant difference in 

body weight between NG Y2R KD and NG Y2R + mice during this experiment. 

 

Regarding ambulatory activity, there was a significant interaction in time x genotype (two-way 

ANOVA: p = 0.001, F (23, 230) = 2.239). Animals were more active in the dark phase as expected. 

A trend towards increased ambulatory activity was observed in the light phase and dark phase 

in NG Y2R KD (p = 0.086 and p = 0.096, respectively) (Fig. 3.4.11.1, C). These suggest that NG Y2R 

KD are more active than controls.  
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Figure 3.4.11.1. Metabolic assessment of NG Y2R KD. 

Energy expenditure (A), oxygen (O2) consumption (VO2) (B) (n = 5-6 per group), and ambulatory 

activity (C) with its AUC (D,E) in the light phase (LP) and dark phase (DP) (n = 6 per group). Mean 

of 3 days (days 3, 6 and 9). DP is shown by the grey shading.  

 

Although there were no differences in cumulative food intake, probability density functions for 

meal patterning readouts showed an increased probability of smaller and shorter meals in NG 

Y2R KD mice compared to NG Y2R + (Fig. 3.4.11.2).  A non-significant tendency (p = 0.09) for 

more meals was observed in the NG Y2R KD mice over the duration of the CLAMS (data not 

shown). 
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Figure 3.4.11.2. Meal patterning of NG Y2R KD mice. 

Probability density function of food intake per meal (A) and of meal duration (i.e., time (s) 

taken for feeding bout) over 7 days in CLAMS system ((n = 6/group). A, B: Kolmogorov-Smirnov 

test (****p < 0.0001). 
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3.5  Discussion 

PYY3-36 inhibits food intake via its specific receptor, Y2R, but the site of action is not well 

understood. The requirement of vagal signalling for the anorectic effect of peripheral PYY3-36 is 

still controversial. The experiments in this chapter aimed to study the role of the vagus in 

mediating the anorectic effects of PYY3-36 by disrupting only vagal afferent Y2R signalling and 

studying the resultant phenotype. In order to do that, two new models for targeting vagal Y2R 

target were used: a germline model of semi-specific vagal Y2R KO in Nav1.8-expressing neurones 

and a vagal afferent specific Y2R KD in the adult mouse.  

We hypothesised that peripheral PYY3-36 at physiological-like levels reduces food intake by 

activating Y2R in vagal afferents but that pharmacological levels of PYY3-36 directly activate 

central appetite pathways. The results suggest that disruption of Y2R in the vagus abrogates the 

response to exogenous low-dose PYY3-36, but does not alter the response to high-dose PYY3-36. In 

the vagal Y2R KD model, an adult body weight phenotype was observed compared with controls 

but this was not observed in mice with loss of Y2R in Nav1.8-expressing vagal afferents. In 

accordance to the initial hypothesis, loss of vagal Y2R in the adult mouse also attenuated the 

anorectic effect to endogenously-released PYY, and altered meal patterning and gastric 

emptying. 

3.5.1 Vagal Y2R disruption 

Vagal afferent neurones innervate the gastrointestinal tract and express gut hormone receptors. 

However, the pathways by which these hormones signal appetite to the brain appetite centres 

and higher brain centres remain unknown. Two mechanisms could explain how vagal afferents 

transmit information of gut peptides to the brain. A neuro-paracrine model proposes that 

afferent endings close to basal EECs can rapidly respond to hormonal signals. In contrast with 

this, single cell profiling has suggested that vagal afferent mechanoreceptors might be more 

important that mucosal endings (Bai et al., 2019). More recently, it has been revealed that some 

EECs can contact vagal afferent neurones via synapse-like structures (Bohórquez et al., 2015; 

Kaelberer et al., 2018).  

 

There are discrepancies regarding the role of vagal Y2R in mediating the effect of the gut 

hormone PYY3-36 (Koda et al., 2005; Abbott et al., 2005a; Halatchev & Cone, 2005; Talsania et al., 

2005). These discrepancies could be due to differences between species. Y2R expression levels 

in the vagus are regulated by nutritional status as observed in 48 h-fasted rats (Burdyga et al., 

2008) but this was not observed in 24 h-fasted mice. Whether these different results are due to 



 
 

139 
 

the fasting time or to different neurochemical plasticity between species is unknown and 

requires further investigation.  

Discrepancies in experiments investigating the role of the vagus could be due to the PYY3-36 dose 

used and the technical limitations since these studies exclusively employed vagal lesioning 

methods that have off-target effects. Subdiaphragmatic vagotomy lesions both afferents and 

efferent fibers innervating the intestine, stomach, pancreas and liver.  Subdiaphragmatic vagal 

deafferentation (Norgren & Smith, 1994) was considered the gold standard since it has fewer 

side effects in the physiological food intake regulation but it still lesions half of the efferent vagus 

nerve, which could alter PYY secretion (Zhang et al., 1993) and hedonic behaviour (Klarer et al., 

2019). Capsaicin ablates sensory neurones and is not specific for vagal afferents even if 

administered perivagally (Browning et al., 2013). More recently a novel method for selectively 

ablating gastrointestinal vagal afferents by using saporin (a toxin that induces cell 

death) conjugated with CCK-8 was developed (Diepenbroek et al., 2017). However, this still 

disrupts several afferent signaling pathways. In this work, we have used genetic non-lesioning 

approaches to specifically disrupt Y2R signalling in the vagus.   

A germline model was generated by crossing Y2R-floxed mice with mice expressing Cre 

recombinase under the Nav1.8 promoter. Nav1.8 is involved in nociception and is mainly found 

in trigeminal ganglia (TG, a motor-sensory cranial nerve), dorsal root ganglia (DRG), the afferent 

neurones of which innervate the gut and synapse at the spinal cord to transmit information 

related with nociception and mechanoreception, and vagal sensory neurones (Stirling et al., 

2005). In this model, Y2R mRNA was significantly reduced, albeit there was not a complete KO. 

Y2R was expressed in 71% of vagal Nav1.8 neurones as assessed by in situ hybridization (Egerod 

et al., 2018). Therefore, this partial reduction in Y2R expression may be due to incomplete co-

expression of Nav1.8 and Y2R in vagal afferents and/or to not fully efficient Cre recombination. 

In this case we did not observe a difference between left and right Y2R mRNA level. This could 

be due to differences in transgenic mice or the sample size. Further research would be required 

to determine the functional relevance of left versus right vagal Y2R.  

Nav1.8-Cre mice have been characterised in previous reports (Stirling et al., 2005; Gautron et 

al., 2011; Shields et al., 2012) and have been successfully used to disrupt the expression of LepRb 

in vagal afferents (de Lartigue, Ronveaux & Raybould, 2014). Cre activity was not observed in 

peripheral tissues or the CNS in Nav1.8-Cre mice (Stirling et al., 2005) and Cre was not expressed 

in the ARC or NTS of Nav1.8/LepR KO mice (de Lartigue, Ronveaux & Raybould, 2014). Some 

neurones in the superior cervical ganglion showed Cre expression in Nav1.8-Cre-tdTomato mice 
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and Y2R was detected in this region in rats (Zhang et al., 1997). Y2R protein was also detected 

in the DRG and, less abundantly, in the TG of mice and rats (Zhang et al., 1997; Brumovsky et al., 

2005). In this study, Y2R expression was not evaluated in these regions in the NaV1.8/Y2R KO 

model, so the influence of these potential Y2R deletions on the resultant phenotype is unknown. 

Other reports have used Phox2b-Cre to disrupt nutrient-sensing receptors but recombination 

also occurs in vagal efferents and other appetite centres (e.g., NTS) (Liu et al., 2014a; Sisley et 

al., 2014). Therefore, the limitations of these vagal germline models include the potential Cre 

activity in other regions and the only partial specificity for the vagal afferents. 

In addition, germline KO models can develop compensatory mechanisms that would disturb the 

resultant phenotype, as has been suggested in previous reports of KO models of the NPY system 

(Sainsbury et al., 2002, 2006; Shi et al., 2012; Boland et al., 2019). Anatomical proximity between 

Nav1.8-positive neurones and EECs might be different depending on the type of EEC. GLP‐1-

expressing cells of the duodenum were not observed close to mucosal afferents, in contrast to 

other EECs (Gautron et al., 2011). Therefore, this model might not be suitable to study the role 

of vagal Y2R in response to gut-derived PYY. 

We have overcome this using a vagus-specific knockdown model in the adult mouse generated 

by bilaterally administering a Cre-expressing AAV into the NG of Y2R-floxed mice. AAV is widely 

used for in vivo genetic modification, due to its stable long-term expression and the limited 

immune response to the virus. This approach is similar to a previous approach in which a 

lentivirus delivering short-hairpin RNA (shRNA) construct was delivered in the NG of rats 

(Krieger et al., 2016). However, lentiviruses integrate into the genome and might alter the 

expression of other genes. In addition, this genetic alteration acted at the RNA level, whereas 

our approach acted at the DNA level.  

In the vagal Y2R KD model, we observed a significant reduction in Y2R mRNA but it did not 

achieve a full knockdown. It remains unknown if this was because of the efficiency of the 

injection or because of the infection ability of the virus. Whereas the germline model of vagal 

Y2R disruption did not show a difference in body weight, a transiently higher body weight was 

observed in the vagal Y2R KD model after virus delivery. Food intake or feeding behaviours was 

not measured during this period since animals were recovering from surgery and housed in 

groups so it remains unknown if this was due to associated hyperphagia. This project prioritised 

the investigation of the vagal Y2R knockdown model, since we believed is superior to germline 

models, and meal patterning and daily food intake was not measured in the Nav1.8/Y2R KO 

model. 
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In a peripheral Y2R KD model, no differences in body weight, food intake or body composition 

compared to control were reported, similar to our observations (Shi et al., 2012). However, in 

adenovirus-Cre mediated hypothalamic Y2R KD and germline Y2R KO, a reduced body weight 

was reported (Sainsbury et al., 2002). However, as mentioned before, germline models can 

develop compensatory changes.   

  

3.5.2 Vagal Y2R might be required to mediate the anorectic effect of 
endogenous PYY  

We hypothesised that physiological levels of PYY would exert an anorectic effect via the vagus 

nerve, and would not directly interact with central appetite centres. On the other hand, PYY3-36 

at pharmacological doses might directly interact with the hypothalamus or the brainstem. The 

low dose used (3 µg/kg) had previously been shown to suppress food intake (Batterham et al., 

2002; Halatchev et al., 2004; Halatchev & Cone, 2005). This low dose was compared to a high 

dose (30 µg/kg) more likely to access centrally expressed Y2R (Halatchev et al., 2004; Halatchev 

& Cone, 2005). The anorectic effect of acute peripheral administration of PYY3-36 at low dose was 

attenuated in the germline Y2R KO model and in the NG Y2R KD group compared to control 

animals. Despite differences between the Y2R KD model and control at low-dose PYY3-36, the 

reduction in food intake did not reach significance in the control group. High dose PYY3-36 caused 

a reduction in food intake in most animals, independently of the level of vagal Y2R, but this did 

not reach significance in the NG Y2R KD cohort or its control group. These animals responded to 

CCK and, therefore, it is unlikely that this was due to a lesioned vagus nerve. However, it is 

possible that ambient stress as well as the fact that mice are non-fasted underlie this result. 

In our approach, food intake is measured in ad libitum-fed in the early dark phase, when mice 

consume most of the daily food. An alternative approach would involve fasting the mice before 

the study. After fasting, mice could show high energy intake and this could mask PYY3-36 anorectic 

signalling. It has been shown that the reduced food intake (measured in the early dark phase) 

after exogenous PYY3-36 administration is exaggerated after 24 hour-fasting compared to non-

fasted mice, and this could be due to other mechanisms that partially overule PYY3-36 anorectic 

effect (Challis et al., 2003). Therefore, a more clear anorectic effect could be observed in fasted 

mice. However, 24 hour-fasting might cause drastic changes in energy homeostasis due to the 

nocturnal eating pattern of mice and therefore the experimental setting is not physiological. In 

addition, fasting has been shown to alter the neurochemical phenotype of vagal afferent and 

therefore the ability of the vagus to respond to other feeding-related signals, including the 
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expression of vagal Y2R (Burdyga et al., 2008) although we did not observe a change in vagal Y2R 

mRNA in 24 h-fasted mice in our experimental setting. Future studies could explore the effect 

of exogenous PYY3-36 in different fasting conditions in this strain. Low dose PYY3-36 non-

significantly increased neuron activation in the NTS in the germline Y2R KO model and controls, 

but there appeared to be an attenuation of neuronal activation in the caudal NTS and AP in the 

germline Y2R KO model. However, we cannot draw firm conclusions due to the small sample 

size. In general, c-fos induction experiments might not have enough resolution with the sample 

sizes used in this work and, therefore, they are underpowered. 

Further studies are required to increase the statistical power and to determine if this is a true 

effect of the vagal Y2R knockdown. The oral gavage of the nutritious bolus also stimulates 

mechanoreceptors and the release of other gut hormones. Non-nutritive solutions with similar 

viscosity to the nutritious bolus should be used as controls. Correlation of these results with the 

level of other gut hormones in plasma and the portal vein post-oral administration of the 

nutritious bolus could also clarify as well as correlation with the level of expression of other vagal 

gut hormone receptors. If this is a true effect of vagal Y2R knockdown, it would be interesting 

to understand if this is a compensatory or indirect mechanism and to further identify the c-fos-

positive cells (e.g., GLP-1 expressing cells of the brainstem).  

 

In order to study the role of the vagal Y2R in response to physiological PYY3-36, a mixed nutritious 

bolus was administered by oral gavage in NG Y2R KD. We confirmed that this bolus increased 

plasma PYY after oral gavage. Despite the high variability, we observed a clear an increase in 

plasma PYY 30 minutes after oral gavage of the mix. We expected an increase at this time point 

based on previous observations. The experiment was underpowered due to the small group size. 

In this setting, both gut mechanosensors and chemosensors are stimulated and other gut 

hormones may also be secreted, which could impact the results. It would have been beneficial 

to measure the plasma level of other gut hormones (e.g., GLP-1, ghrelin, CCK) but due to the 

limited sample volume and time available this was not possible. Despite this stimulation of gut 

sensors, differences were observed when reducing the expression of the vagal Y2R, which 

suggests an involvement of the vagus nerve in mediating PYY’s anorectic effects. Although we 

have measured PYY after the nutritious bolus in plasma, it would be useful to measure levels in 

the hepatic portal vein (in close contact with the vagus). PYY infusion into the rat hepatic portal 

vein increases c-fos expression in the NTS and in the hypothalamus (Stadlbauer et al., 2013). The 

neuronal activation in brainstem after administration of the nutritious bolus was no different 
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between Y2R KD mice and controls but it is difficult to draw conclusions due to the sample size 

and the lack of a vehicle control or a control of distension. 

If one assumes that low dose exogenous PYY3-36 mirrors the effects of postprandial PYY, these 

results suggest that vagal Y2R contributes to the effects of endogenous PYY. In contrast, 

pharmacological doses of PYY3-36 might act centrally (Batterham et al., 2002) and perhaps in part 

by causing aversion (Halatchev & Cone, 2005). However, in humans, PYY3-36 caused nausea 

without further reduction in food intake (Le Roux et al., 2008). 

3.5.3 Vagal Y2R modulates meal patterning 

Indirect calorimetry did not reveal differences in EE, but an increased ambulatory activity was 

observed. In a peripheral Y2R KD model, increased ambulatory activity was also observed, along 

with reduced EE and altered RER (Shi et al., 2012). However, we did not observe changed in RER 

or EE. The increased ambulatory activity was not accompanied by differences in body weight. 

Y2R KO does not alter EE or activity in two different models (Zhang et al., 2010; Boland et al., 

2019).  

We also investigated whether vagal Y2R modulates meal patterning. Despite no differences in 

total food intake, probability density functions for meal patterning readouts revealed highly 

significant differences in average meal size and duration. Meals were smaller and shorter in NG 

Y2R KD model, with shorter inter-meal durations. These data suggest a physiological role for 

vagal Y2R on meal patterning, even in the absence of an overall long-term effect on energy 

balance.  

Shorter and smaller meals indicate that NG Y2R KD animals felt satiated faster. Smaller meals 

might reduce the amount of gut anorectic hormones that are subsequently released to regulate 

short-term food intake (e.g., CCK, GLP-1). The signalling of these gut hormones in the vagus 

nerve and in the brain should remain intact in these animals. It is also possible that the orexigenic 

hormone ghrelin is released earlier after a meal termination. Consequently, animals feel hungry 

faster leading to the reduced inter-meal duration and number of meals. In addition, the 

accelerated gastric emptying observed in vagal Y2R KD compared to controls after 15 min might 

underlie the increase in number of meals. Therefore, animals could feel hungry faster and eat 

again. Future studies should measure the levels of circulating ghrelin and CCK, the expression of 

other neuropeptides involved in satiety (e.g., CART) and the expression of gut hormone 

receptors in the afferent vagus nerve and in the brainstem. It is possible that compensatory 

changes in some of these gut-vagus-brain signalling caused this increased in satiety despite the 
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loss of the anorectic PYY. Although cumulative food intake and energy expenditure did not 

increase, animals are eating more frequently and moving more. It would be interesting to 

determine if the increase ambulatory activity correlates with the mouse accessing the food and 

if it underlies the hunger feeling. In addition, further analysis comparing meal patterning during 

light phase and dark phase would help clarifying the effect of vagal Y2R signalling (as has been 

shown for vagal LepR  (de Lartigue, Ronveaux & Raybould, 2014)). 

Similarly, vagal GLP-1R KD in rats using a viral approach altered gastric emptying, though it was 

sustained for a longer period (Krieger et al., 2016). Global deficiency of Y2R, GLP-1R or both did 

not alter gastric emptying in mice (Boland et al., 2019), which could be due to a compensatory 

mechanism. Vagal GLP-1R KD rats also showed no differences in energy expenditure and an 

altered meal patterning despite the fact that 24-h food intake was not affected (Krieger et al., 

2016). However, in contrast to what we observed in the vagal Y2R KD model, vagal GLP-1R 

disruption increased meal size and duration, and decreased in the number of meals (Krieger et 

al., 2016). Since GLP-1R-expressing afferents are involved in mechanosensing these results 

might reflect a change in the sensitivity of vagal mechanoreceptors (Williams et al., 2016; Bai et 

al., 2019). Future studies should investigate the role in chemosensing and/or mechanosensng of 

the vagal Y2R-expressing afferents. 

The contribution of gut hormones in the regulation of short-term food intake and longer-term 

energy homeostasis is well established. However, the pathways involved in gut hormone 

signalling, and the physiological effects of individual hormones are unclear. In particular, the 

complex role of the vagus nerve in the gut-brain axis is just beginning to be understood. Despite 

the residual Y2R signaling post-injection, we conclude that postprandial endogenous or low 

dose peripheral PYY3-36 requires intact vagal signalling in a novel model of vagal Y2R disruption. 

This is of interest in drug design since it is possible that by targeting the vagal Y2R we could 

overcome some limitations of PYY-based treatments, such as the administration route or dosage 

given in order to avoid the nauseating effect. This work adds to the body of literature suggesting 

that individual gut hormones can act, at least in part, through the vagus nerve to modulate 

feeding behaviours (de Lartigue, Ronveaux & Raybould, 2014; Krieger et al., 2016; Davis et al., 

2020). 

3.5.4 Limitations of this study and future work 

Full Y2R disruption could not be achieved in any of the models and, therefore, vagal Y2R 

signalling was not completely absent. However, the incomplete knockdown achieved in both 
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models suggests that a more severe disruption of vagal Y2R might result in a more striking 

phenotype. If the expression or function of other feeding-related pathways was altered remains 

unknown. It would be of interest to assess postprandial levels of PYY, as well as the PYY3-36 form, 

in both models. In addition, PYY levels should be measured after low dose i.p. injection to 

confirm the validity of low dose PYY3-36 as a mimic of endogenous levels. 

Despite trying to optimize immunostaining of Y2R in control NG and brain tissue, the result was 

negative with the antibody and conditions tested. Therefore, distribution of Y2R protein 

expression in the Nav1.8/Y2R KO and after viral-mediated knockdown could not be determined 

using this approach. Future studies should determine if Y2R was fully disrupted in specific 

neurones but not in others, or if a partial reduction in Y2R expression occurred in all the vagal 

afferents by using in situ hybridization and/or single nuclei RNA sequencing. 

AAVs are widely used to modify gene expression in vivo as well as in anterograde tracing. AAV 

vectors are replication deficient, and so it is widely thought that they cannot spread to a 

subsequent cell, unlike rabies virus. However, a recent study showed that AAV9 can 

anterogradely spread to post-synaptic neurones in the brain, though AAV5 cannot (Zingg et al., 

2017). The mechanism of this trans-neuronal transport mechanism is unclear, and it is also 

unknown whether the virus causes transgene expression in the subsequent cell. The expression 

of the virus in the brain after delivery in the NG was not investigated. 

In the germline Y2R KO model, c-fos expression after exogenous PYY3-36 was evaluated in animals 

with a wide age range. Therefore, the effect of age on the neuronal activity response is unknown. 

The next step is to assess c-fos expression after exogenous low-dose PYY3-36 in the vagal Y2R KD 

model. In addition, to confirm the functionality of this vagal Y2R KD, the activity of the vagus 

nerve should be assessed in response to low dose and high dose PYY3-36. This could be done by 

examining c-fos expression in NG cells, taking electrophysiological recordings from vagal 

afferents, in vivo imaging of the NG calcium activity in response to PYY3-36, or by assessing 

calcium activity in cultured NG neurones extracted from vagal Y2R KD mice.  

In mice, CCK inhibits food intake via the right NG, but not the left NG, recruiting a reward circuit 

based on dopamine release in the dorsal striatum (Han et al., 2018). In addition to the 

asymmetry in gastrointestinal innervation, left and right NG terminate in different regions of the 

brainstem (Han et al., 2018), but the role of the left NG and its central circuitry are unknown. 

Future studies should investigate the role of left and right vagal Y2R as well as the central circuits 

involved. Although some vagal populations have been reported to be involved in 
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mechanosensing or chemosensing (Bai et al., 2019), the role of the Y2R-expressing population 

remains unknown. 
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Chapter 4: Effect of the Long-
Acting PYY analogue Y242 on 
obesity and glucose homeostasis
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4.1 Introduction 

4.1.1 Type 2 diabetes and obesity 

Type 2 diabetes (T2D) is a chronic disease characterised by the inability of endogenous insulin to signal 

effectively within the body, resulting in an increase in blood glucose levels. T2D symptoms include 

thirst, tiredness, polyuria and blurred vision. T2D is the most common type of diabetes (National 

Institute of Diabetes and Digestive and Kidney Diseases, 2017; Diabetes UK, 2019), although the 

specific causes are still not fully elucidated. The main risk factors are obesity, age, ethnicity and having 

a relative with diabetes.  

 

The link between obesity and T2D is well accepted. However, most obese individuals do not develop 

T2D. Insulin resistance is associated with obesity and is the driving factor for pre-diabetes and T2D. 

Insulin resistance is when muscles, fat and liver do not respond to insulin and therefore they take up 

less glucose from the bloodstream (National Institute of Diabetes and Digestive and Kidney Diseases, 

2018). In response to insulin resistance, blood glucose levels are more likely to increase and the 

pancreatic β-cells keep producing more insulin so that the increased blood glucose enter the body’s 

cells. The increased levels of insulin cause the liver and muscles to store blood sugar and eventually 

blood sugar is stored in adipocytes as fat. Abdominal fat is correlated with insulin resistance. Overtime, 

β-cell function is disrupted and the pancreas cannot cope with the insulin demand resulting in 

increased blood glucose levels. Pre-diabetes (when blood glucose levels are increased but not as high 

as in diabetes) affects 1 in 3 adults in the US (National Institute of Diabetes and Digestive and Kidney 

Diseases, 2018). Overtime, insulin resistance and prediabetes can develop into T2D.  

 

The mechanism linking obesity, insulin resistance and T2D is not fully understood but several 

mechanisms have been proposed (Kahn, Hull & Utzschneider, 2006). Adipose tissue releases non-

esterified fatty acids (NEFAs), hormones (e.g., leptin) and proinflammatory cytokines/adipokines, and 

its secretion is increased in obesity. Added to β-cell dysfunction, these can disrupt the insulin signalling 

leading to insulin resistance. Fat is an important energy source for skeletal muscle. A first study in 

humans linked insulin resistance with accumulation of intramuscular triglycerides and it is now 

accepted that accumulation of lipids within skeletal muscle is related to insulin resistance and T2D 

(Pan et al., 1997; Corcoran, Lamon-Fava & Fielding, 2007). This is thought to be caused by an increased 

fatty acid accumulation within muscle in the obese state and diminished fatty acid oxidation due to 

mitochondrial abnormalities (Goodpaster et al., 2000; Kelley et al., 2002). A proposed mechanism 

suggests that fatty acids can alter insulin receptor 1 signalling in muscle and impaired activation of 

downstream signal transducers involved in glycogen synthesis and glucose transport (Corcoran, 
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Lamon-Fava & Fielding, 2007). More recent views suggest that specific lipids species, such as the fatty 

acid metabolite diacylglycerol, as well as the localization of lipids in the cell influence can influence 

insulin sensitivity (Bergman & Goodpaster, 2020). 

 

Obesity is a major global health problem, and if the current trend continues, obesity-related diabetes 

will keep increasing. In the UK, it was predicted that 5 million people will be diagnosed with T2D by 

2025 (Diabetes UK, 2019). T2D can cause other conditions, such as heart disease, blindness and kidney 

disease. In addition, T2D typically gets worse over time, and treatment needs to be adjusted or 

changed. Bariatric surgery is still the most effective procedure that achieves remission of T2D and 

metabolic syndrome. Safer and more effective treatments for obesity and T2D would reduce their 

economic and health burden. Treatments that enhance gut hormones action have shown promising 

results. 

4.1.2 Glucose homeostasis and T2D 

4.1.2.1 Pancreatic islets of Langerhans 

The human pancreas is an organ located behind the stomach and it can be divided in head, body and 

tail, although some other parts have been suggested. In the mouse, the pancreas is less defined and 

can be macroscopically divided into the duodenal, splenic and gastric lobes (Dolenšek, Rupnik & 

Stožer, 2015). Although differences exist in the microscopic anatomy between humans and mouse, 

most of the pancreas consists of exocrine cells that secrete digestive enzymes. In contrast, the 

endocrine pancreas secretes hormones from endocrine cells into the blood stream. The endocrine 

cells are clustered together forming the islets of Langerhans, which are island-like structures within 

the exocrine tissue that account for 1-2% of the mass of the pancreas (Röder et al., 2016). Within the 

islets of Langerhans, α-cells release glucagon, β-cells release insulin, amylin and C-peptide; γ-cells 

release PP, δ-cells release somatostatin, and ε-cells release ghrelin. α- and β-cells comprise most of 

the islet in both humans and rodents but the architecture differs. In human islets, α- and β-cells are 

interspersed, while in mice the β-cells are mostly located in the centre, with the other cell types 

distributed around the islet periphery (Brissova et al., 2005; Dolenšek, Rupnik & Stožer, 2015). These 

pancreatic hormones have different functions and together regulate glucose homeostasis. 

 

Glucose homeostasis is achieved by maintaining a balance between glucose production (mainly by the 

liver) and glucose consumption. When blood glucose is low, pancreatic glucagon is released to 

promote hepatic glycogenolysis, a catabolic process in which stored carbohydrate energy is 

transformed in glucose monomers that can be used by organs and to maintain fasting glucose levels. 
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When glycogen is depleted (for example, by prolonged fasting), glucagon promotes gluconeogenesis 

in liver and kidney, a process in which glucose is synthetised from precursors, such as lactate, pyruvate, 

glycerol and some amino acids (e.g., glutamine, alanine). 

4.1.2.2 Insulin secretion and action  

Circulating blood glucose is the main stimulus for insulin secretion. After a meal, glucose-stimulated 

insulin secretion (GSIS) from β-cells promotes glucose uptake into muscle and adipose tissue, and 

plasma (exogenous) glucose decreases. GSIS is in addition modulated by other nutrients, hormones 

and neural inputs (Komatsu et al., 2013). 

 

GSIS is based on adenosine triphosphate (ATP)‐sensitive potassium (KATP) channels (Ashcroft, Harrison 

& Ashcroft, 1984; Cook & Hales, 1984). Glucose enters the β-cells via the glucose transporter GLUT-

2/SLC2A2, is phosphorylated by glucokinase and enters the process of glycolysis. This process causes 

an increased ATP/ADP ratio that results in the closure of KATP-channels, depolarization of the 

membrane and the opening of voltage-dependent calcium channels (VDCC). This is followed by 

calcium influx and increased cytosolic free calcium levels. High intracellular calcium causes fusion of 

insulin granules with the membrane and insulin is released in a biphasic fashion (Grodsky, 1972). A 

glucose responsive insulin secretion mechanism independent of KATP was also reported (Curry, Bennett 

& Grodski, 1968; Komatsu et al., 2001; Straub & Sharp, 2002). Both KATP-dependent and -independent 

mechanisms cause a pulsatile bi-phasic secretion of insulin.  The first phase of insulin secretion, which 

is dependent on KATP signalling, lasts 3 to 10 min. This is followed by a second phase in which insulin 

release increase is gradually and that lasts at least 60 min. The second phase amplifies calcium-

mediated exocytosis without an additional increase in intracellular calcium.  The loss of first phase 

insulin secretion is an early feature of T2D. Importantly this second phase is less robust in isolated 

mouse islets (Nunemaker et al., 2006). 

 

β-cells can be primed by glucose so that exposure of these cells to high glucose increases insulin 

secretion in response to a subsequent stimulus (Grill, Adamson & Cerasi, 1978). Apart from glucose, 

other factors can potentiate insulin secretion, such as hormones, free fatty acids (FFA) and 

noradrenaline (Röder et al., 2016). The incretins GLP-1 and GIP can bind Gs-coupled GPCRs on β-cells 

and cause an increase in intracellular cAMP, as well as in intracellular calcium. cAMP enhances GSIS 

via protein kinase A (PKA) and other mechanisms, such as the recently proposed exchange protein 

directly activated by cAMP 2 (Epac2) signalling cascade (Leech, Chepurny & Holz, 2010). In addition, 

the nervous system also influences glucose homeostasis (Ahrén, 2000; Faber et al., 2020). Activation 

of the sympathetic efferents results in the release of noradrenaline that inhibits insulin secretion and 
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stimulates glucagon secretion. In contrast, activation of the parasympathetic efferents, results in a 

cholinergic-mediated increase in GSIS and glucagon secretion. The brain can also detect blood glucose 

by sensory afferents and via circumventricular organs. Several regions in the brain, including the 

brainstem and hypothalamus, integrate information on glucose handling and communicate with each 

other to regulate neural input into the pancreas and thus glucose homeostasis.  

 

Insulin-mediated glucose transport into fat and muscle tissues is mediated by GLUT-4, which is 

localised in an intracellular compartment in the basal state. Insulin binding to the insulin receptor 

activates intracellular tyrosine kinase activity and results in the recruitment of PI3K to the membrane. 

A series of downstream reactions results in GLUT-4 translocation to the plasma membrane. Apart from 

the classical PI3K-dependent pathway, insulin can promote GLUT-4 translocation via other pathways 

(Khan & Pessin, 2002). In the liver and brain, glucose uptake is not directly mediated by insulin and 

other GLUT members (GLUT-1, -2 or -3), which are permanently located in the plasma membrane, 

transport glucose into cells. When cells of muscle, adipose tissue and liver do not respond well to 

insulin (that is, they show low insulin sensitivity), more insulin is secreted to promote glucose uptake 

under normal conditions. Hyperinsulinemia and β-cell expansion are followed by progressive 

deterioration of β-cell function and loss of β-cell mass. If β-cells are unable to compensate for the 

reduced insulin sensitivity, blood glucose increases (pre-diabetes) and T2D can develop.  

4.1.3 Gut hormones as treatment of obesity and T2D 

Incretin hormones (GLP-1 and GIP) postprandially stimulate insulin secretion and they have long been 

investigated as anti-diabetic treatments. Indeed, long-acting GLP-1 analogues are already approved 

treatments for obesity and diabetes. Another available class of anti-diabetic drugs that enhance gut 

hormone action is inhibitors of DPP-IV, the enzyme that degrades gut hormones GLP-1, GIP and PYY. 

Bariatric surgery increases insulin sensitivity and secretion as well as glucagon secretion. After bariatric 

surgery in rodents, there is an increased number of β-cells per islet (Ramracheya et al., 2016) and 

increased islet number (Zhang et al., 2017). Several mechanisms by which bariatric surgery achieves 

T2D remission have been proposed (Holst et al., 2018). One hypothesis suggests that increased 

secretion of GLP-1 post-surgery can drive improved β-cell function (Dirksen et al., 2013; Jørgensen et 

al., 2013; Holst et al., 2018). Importantly, PYY levels are also increased after bariatric surgery (Le Roux 

et al., 2006). The gut hormone PYY has been extensively investigated as a weight loss treatment. 

However, it may also have promise as an anti-diabetic therapy (Lafferty, Flatt & Irwin, 2018). 
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4.1.4 PYY in glucose homeostasis 

PYY is mainly considered an anorectic hormone secreted from intestinal L-cells. However, early 

experiments observed that PYY is also expressed in the pancreas and that it might exert a paracrine 

effect (Bottcher et al., 1989). PYY is co-expressed with glucagon in α-cells and to a lesser degree in δ 

and PP cells (Bottcher et al., 1989; Upchurch, Aponte & Leiter, 1994). Although some differences exist 

between humans and rodents (Guida et al., 2018), PYY is not observed in adult insulin-secretory cells 

(Bottcher et al., 1989; Upchurch, Aponte & Leiter, 1994; Guida et al., 2018). However, during early 

pancreatic development, α, β, δ and PP cells co-express PYY, suggesting a role of PYY in islet 

development (Upchurch, Aponte & Leiter, 1994). 

 

In acute experiments, PYY1-36 intravenous (i.v.) injection in lean mice did not affect basal plasma levels 

of insulin, glucagon and glucose, but following glucose injection, PYY1-36 suppressed insulin and 

glucagon increase in a dose-dependent manner (Bottcher et al., 1989). PYY1-36 (i.v.) also inhibited a 

glucose analogue-induced insulin release in dogs (Greeley et al., 1988). PYY1-36 also inhibited insulin 

secretion in the presence of glucose in isolated islets (Nieuwenhuizen et al., 1994) but this was not 

observed for PYY3-36 (Chandarana et al., 2013).  

 

Animal models have also revealed the importance of PYY in insulin secretion. PYY KO mice have 

significantly higher levels of basal and glucose-induced insulin with no differences in glucose tolerance 

to controls (Boey et al., 2006b), and PYY KO islets also hypersecreted insulin in response to glucose 

(Boey et al., 2006a). In contrast, another study observed that conditional ablation of pancreatic PYY-

expressing cells in the adult mouse using a diphtheria toxin receptor-mediated knockout system 

reduced insulin secretion and triggered diabetes (Sam et al., 2012).This was suggested to be caused 

by secondary β-cell death and a long-acting PYY analogue showed to rescue insulin decreased after 

PYY cell ablation and prevent streptozotocin-induced β-cell death (Sam et al., 2012).This suggests a 

role of PYY in β-cell maintenance. Ob/ob mice overexpressing PYY showed lower insulin levels and 

were more glucose tolerant than ob/ob mice (Boey et al., 2008). 

 

Others have observed an insulinotropic effect of PYY (Sam et al., 2012; Shi et al., 2015; Ramracheya et 

al., 2016), and increased GSIS was observed after mouse islets were exposed for 72h to PYY1-36 and 

PYY3-36 (Guida et al., 2018). After gastric bypass, islets from diabetic rats had improved GSIS and 

improved glucagon response (Ramracheya et al., 2016). Exposing islets to post-surgical serum or to 

chronic PYY reproduced the effects of surgery (Ramracheya et al., 2016; Guida et al., 2018, 2019). 

Interestingly, neutralization of PYY but not of GLP-1 reversed these effects (Ramracheya et al., 2016; 



 
 

153 
 

Guida et al., 2019). Indeed, the therapeutic benefits of DPP-IV inhibitors might be mediated by PYY 

rather than GLP-1 (Guida et al., 2018). The discrepancies between studies might be due to the 

approach as well as the animal models and how obesity/diabetes was induced. Despite these 

discrepancies, these models suggest that PYY is relevant to β-cell function. 

 

Several studies have shown that exogenous PYY3-36 also alters insulin secretion. Chronic continuous 

subcutaneous infusion (osmotic mini-pumps) with PYY3-36 improved glucose homeostasis in diabetic 

rats (Pittner et al., 2004) and in diabetic obese mice (Moore et al., 2002; van den Hoek et al., 2007) 

although this was not observed in genetic models of obesity and diabetes (Pittner et al., 2004). Chronic 

subcutaneous infusion of PYY3-36 in diabetic and/or obese rats also improved insulin sensitivity (Vrang 

et al., 2006; Pittner et al., 2004). PYY3-36 caused a reduction in body weight as well as adiposity, which 

would be expected to alter insulin sensitivity and secretion. Acute administration (i.v.) of PYY3-36 

increased insulin sensitivity and glucose disposal in a hyperinsulinemic clamp (Van Den Hoek et al., 

2004). Later studies in diet-induced obese mice showed that chronic PYY3-36 also enhances insulin 

sensitivity and promote glucose disposal in adipose tissue and, to a lesser extent, in muscle (van den 

Hoek et al., 2007). Importantly, this study showed that PYY3-36 metabolic effects were independent of 

PYY3-36 effects in food intake and body weight and lasted longer than the latter (van den Hoek et al., 

2007). Chandarana and colleagues reported that i.p. injection of PYY3-36 inhibited glucose-induced 

insulin secretion in the fed state but not in the fasted state supporting a nutrient-dependent effect of 

PYY3-36 in glucose homeostasis (Chandarana et al., 2013).  However, the postprandial levels of PYY3-36 

in mouse are unknown and therefore these results do not confirm that physiologically occurring PYY3-

36 modulates insulin action. 

4.1.5 PYY and glucose homeostasis: evidence from humans 

Circulating PYY levels are reduced in obese subjects (Batterham et al., 2003a). Importantly, women 

who have a family history of T2D have low fasting PYY levels before T2D development (Boey et al., 

2006a). Moreover, fasting serum PYY levels were positively correlated with insulin sensitivity and 

negatively correlated with insulin secretion (Boey et al., 2006a). 

 

In humans, only a few studies have directly investigated PYY administration effects on glucose 

homeostasis. In the fasting state, acute intravenous PYY did not inhibit basal insulin secretion or have 

any effect in glucose or glucagon levels in healthy subjects (Adrian et al., 1986). Similarly, infusion of 

PYY3-36 did not affect glucose or insulin levels in obese or lean subjects in the fasted state (Batterham 

et al., 2002, 2003a).  Although these results accord with the nutrient-dependent effect of PYY on 

insulin secretion, acute i.v. PYY1-36 or PYY3-36 did not alter i.v. glucose-induced insulin response in 
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healthy (Ahrén & Larsson, 1996) or overweight subjects (Tan et al., 2014), respectively. In contrast, 

PYY1-36 and PYY3-36 infusion increased insulin secretion after an ad libitum meal, but this result is 

confounded by endogenous incretin secretion after food intake.  

4.1.5.1 Mechanism of PYY action on glucose homeostasis 

Although the purpose of this work is not to investigate the mechanism behind the effects of PYY on 

islet function or glucose homeostasis, a better understanding of this is key for the development of 

novel diabetes therapies. The mechanisms by which PYY regulates β-cell function as well as the 

receptors involved are still unknown. It is not understood if PYY’s effects on glucose homeostasis are 

mediated by local action of islet-derived PYY (PYY1-36 or PYY3-36) or if PYY in the general circulation is 

responsible. 

 

PYY1-36 could have a more direct effect than PYY3-36 in insulin secretion because Y1R and Y4R expression 

has been detected in mouse pancreatic islets, whereas Y2R and Y5R expression were not (Burcelin et 

al., 2001; Chandarana et al., 2013; Guida et al., 2018), and only one study has found Y2R mRNA in 

islets (Khan et al., 2016). NPY has been shown to inhibit insulin secretion via the Y1R (Morgan et al., 

1998). Therefore, taking in account that most in vitro studies (Nieuwenhuizen et al., 1994; Bottcher et 

al., 1989; Chandarana et al., 2013) and mouse models (Boey et al., 2006b, 2008) support an 

insulinostatic role of PYY signalling, PYY1-36 could be released from α-cells and act in a paracrine fashion 

to inhibit insulin secretion from β-cells. In support of this, islets from Y1R KO mice hypersecrete insulin 

(Burcelin et al., 2001), like PYY KO islets (Boey et al., 2006a). Chandarana et al observed a direct effect 

of PYY1-36 to inhibit GSIS while PYY3-36 did not directly alter insulin secretion (Chandarana et al., 2013). 

Other study has shown that PYY3-36 has insulinostatic effects, like PYY1-36, and that these are mediated 

by both Y1R and Y2R in isolated islets (Khan et al., 2016). They also showed a protective action of both 

PYY forms against streptozotocin-induced cytotoxicity (Khan et al., 2016). In contrast, other studies in 

isolated islets have suggested that Y1R mediates the insulinotropic effects of PYY on islet function 

(Ramracheya et al., 2016; Guida et al., 2018, 2019).  

 

In addition to a local intra-islet theory, PYY could indirectly influence glucose homeostasis peripherally 

or by acting centrally. PYY3-36 was shown to promote the incretin effect via stimulating GLP-1 secretion, 

and this effect to be mediated by the Y2R (Chandarana et al., 2013). Y2R agonism was shown to 

partially inhibit cholinergic vagal efferent neurones of the DMX which might affect pancreas secretion 

(Chen & Rogers, 1997). It has recently been shown the important role of circulating factors, and 

specially PYY, preserved in serum after bariatric surgery and that can increase GSIS in isolated human 

islets (Guida et al., 2019). 
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4.1.6 Islets in the anterior chamber of the eye 

Islet function has been extensively studied in isolated islets and isolated pancreas slices but it is likely 

that islets behave differently in vitro compared to the physiological environment, in which they are 

vascularised and are abundantly innervated. In vivo imaging of islet can be performed in the 

exteriorised pancreas. However, this is an invasive procedure and islets are difficult to access for 

imaging.  

 

Alternatively, islet function can be studied in islets engrafted into the anterior chamber of the eye 

(ACE) (Speier et al., 2008a, 2008b). The anterior chamber of the eye is an immune-privileged area and 

the iris (which forms the base of the anterior chamber) contains blood vessels and autonomic nerves. 

After transplantation, islets are quickly vascularised and innervated (Adeghate, 2002), and are capable 

to maintain glucose homeostasis (Speier et al., 2008a). This islet-in-eye platform is more accessible for 

imaging, maintains the pancreatic islet environment and can be combined with fluorescent indicators 

to study islet function (Speier et al., 2008b). 

  

The most studied signal in β-cell function is cytoplasmic free calcium concentration due to its role in 

insulin secretion. In this experiment, we have used islets from transgenic mice expressing genetically-

encoded calcium indicators and monitoring its fluorescence in the eye of the recipient mice. This 

allows measurement of intracellular calcium oscillations in response to different physiological 

conditions (Chen et al., 2016). Glucose increases ATP/ADP ratio resulting in closure of KATP channels. If 

glucose concentration is high enough, this results in β-cell membrane depolarization and opening of 

calcium channels. Then calcium influx into the β-cell causes an increase in cytoplasmic free calcium. 

Increased cytoplasmic calcium levels activate the signalling to promote fusion of insulin granules with 

the membrane and triggers insulin secretion. Calcium oscillations are synchronised via electrical 

coupling in all the β-cells. Intracellular calcium binds to the calcium indicator, which undergoes a 

conformational change and fluoresces. The intensity of the fluorescent signal increases according to 

the concentration and acts as a proxy of insulin secretion. 

 

Major benefits of this platform are the possibility of performing repeated longitudinal measurements 

(Chen et al., 2016) as well as the single cell resolution, which has allowed to study the connectivity 

between β-cells as well as to demonstrate the existence of leader β-cells (Salem et al., 2019). These 

‘reporter islets’ mirror the islet function in obesity as well as the plasticity of the endocrine pancreas 

as shown in leptin-deficient mice (Ilegems et al., 2013) and in diet-induced obese mice (Chen et al., 

2016). 
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4.2 Aims and Hypotheses 

The aims of the experiments described in this chapter were to: 

• Establish a platform for longitudinal in vivo imaging of islets in the ACE as a direct readout for 

islet function and its evolution under different conditions. 

• Assess the effects of high fat diet-induced obesity on islet function. 

• Assess the effect of chronic treatment with a PYY analogue on glucose homeostasis.   

The hypotheses were that: 

• High fat diet would alter β-cell function and this could be longitudinally detected by in vivo 

imaging of islet in the ACE. 

• Chronic administration of a long-acting analogue of PYY, Y242, would reduce body weight. 

• Chronic Y242 administration would alter β-cell secretion in obese mice. 

4.3 Materials and methods 

4.3.1 Animals 

This study was conducted under the project licence P0A6474AE (PPL holder Dr Bryn Owen) and all 

procedures were adhered under the UK Home Office Animals (Scientific Procedures) Act 1986. All 

animals were housed in ventilated cages under controlled conditions (21-23°C, 45-56% humidity) in a 

12 h light/dark cycle (lights on at around 6 am). 

4.3.1.1 Donor animals used in the chronic study 

In a C57Bl/6J background, mice expressing GCaMP6f specifically in β-cells were generated using the 

Cre/LoxP system. GCaMP6f (fast) is a widely used genetically encoded calcium indicator that belongs 

to the green fluorescent protein (GFP)-based GCaMP sensor family.  

Ins1-Cre mice (provided by Prof Jorge Ferrer, Imperial College London) were crossed with Cre-

dependent GCaMP6f-expressing mice (stock n. 028865, The Jackson Laboratory). Ins1 is the gene 

encoding preproinsulin-1 in β-cells of mice and rats. Therefore, GCaMP6f is specifically expressed in 

β-cells. Breeding was performed by Dr Yateen Suresh Patel (Imperial College London).  

4.3.1.2 Animals used in the chronic study 

Male C57Bl/6J mice (24 animals,  8̴ weeks-old, 25-30 g) were purchased from Charles River. Animals 

were initially housed in groups of 4 with ad libitum access to standard chow (RM1, Special Diet 

Services) and water. A 1-week acclimatisation was allowed before transplantation of syngeneic donor 

islets in the ACE. The donors of these islets express β-cell-specific GCaMP6f (see section 4.3.1.1).  
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4.3.2 Pancreatic islet isolation 

Islets from Ins1/Gcamp6f donor mice were isolated in order to implant them in the ACE of the wild-

type animals used in the chronic study. Collagenase (Universal Biologicals Ltd, UK) was diluted at 

1mg/ml in RPMI 1640 medium (Sigma-Aldrich, UK) supplemented with 10% fetal bovine serum (FBS, 

Sigma-Aldrich), 1% penicillin-streptomycin (P/S, Thermo Fisher) and glutamate. This preparation was 

filtered and infused in mice through the bile duct using a 30G needle. The inflated pancreas was added 

to a 15 mL Falcon tube and incubated at 37°C for 10 min in a water bath for digestion of the exocrine 

pancreas and the connective tissue between pancreatic islets. For washing, the pancreas was 

centrifuged at 200 x g for 1 min, the supernatant was removed and 15 mL of non-supplemented RPMI 

(not containing FBS or P/S) was added. The pancreas was washed 3 times in total. Islets were 

separated in a Ficoll density gradient using 4 mL of Histopaque®-1119 and Histopaque®-1083 (both 

Sigma-Aldrich) in non-supplemented RPMI medium. After centrifugation for 20 min at 800 xg with a 

slow deceleration setting, the islets were collected from a layer between the second and third phase 

and were placed into a Petri dish. Islets were incubated in supplemented RPMI overnight (37°C; 5% 

CO2). This was performed by Dr Kinga Suba (Imperial College London). 

4.3.3 Pancreatic islet transplantation into the ACE 

Mice were anaesthetised in an induction chamber using isofluorane at 5% (95% O2,1.5 L/min). After 

confirming depth of anaesthesia (pedal reflex), animals were placed in a stereotaxic frame and 

isofluorane was adjusted so that breathing rate was 60-80 breaths/min. Under a microscope, a 25G 

needle was used to puncture the eye at the corneo-scleral junction, avoiding the iris. Donor islets from 

Ins1/GCaMP6f mice were preloaded in 20 μL of RPMI medium into a cannula that was attached to a 

27G blunt needle and to a 100 μL gas tight Hamilton syringe. This system was manually operated to 

gradually inject the islets intro the ACE, allowing the islets to set on top of the iris. For recovery, 

carprofen was topically administered on the eye also 3 days post-surgery. For full implantation of the 

islets into the ACE, 4 weeks post-surgery were allowed. Animal surgeries were performed by Dr V. 

Salem. 

4.3.4 Diet-induced obesity 

After full islet implantation, animals were put on a high-fat diet (HFD, D14292, Research Diets, USA) 

ad libitum for 8 weeks to induce obesity. Glucose homeostasis (see section 4.3.8) and islet function 

(see section 4.3.9) were assessed before and after HFD. The study schematic is shown in Fig. 4.3.6.1. 
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4.3.5 Peptides 

The PYY analogue Y242 was designed by Prof SR Bloom (Imperial College London) and custom made 

by Bachem (Merseyside, UK). It was synthesised using solid-phase synthesis and purified by reverse-

phase high-performance liquid chromatography. Y242 showed 82% amino-acid sequence homology 

to the native peptide (Fig. 4.3.1.1) and binds to the Y2R with similar affinity (IC50 0.28) to PYY3-36 (IC50 

0.21) (unpublished data). Previous studies (unpublished) showed that, after subcutaneous injection in 

rodents, Y242 acts for more than 72 h in rats and it was safe at doses that caused weight loss. Y242 is 

part of a confidential drug discovery line. 

 

 

Figure 4.3.5.1. Amino-acid sequences of Y242 and PYY3-36. 

 
Y242 was aliquoted and freeze-dried. On the day of the injection, Y242 aliquot was dissolved in sterile 

saline with zinc chloride (39059-100ML-F, Sigma Aldrich, UK) for a ratio 1:1 peptide to zinc). The 

addition of zinc enhances peptide depot formation and allows slow release into the circulation after 

subcutaneous (s.c.) injection. 

4.3.6 Bioactivity of Y242 

The bioactivity of Y242 was studied in an acute feeding study. Littermate controls with ad libitum 

access to chow and water received a subcutaneous injection of Y242 at 50 nmol/kg or vehicle in the 

light phase (mimicking the chronic treatment conditions). On one day all animals received Y242 and, 

4 days later, all of them received saline. Food was pre-weighed (before injection) and food weight was 

recorded at different time points after injection and the difference in food weight before and after 

injection was calculated. 

4.3.7 Chronic treatment with gut hormone analogues 

Diet-induced obese (DIO) mice were singly housed and assigned to 2 different groups (Y242-treated 

group and vehicle control group) according to body weight. Animals received daily subcutaneous 

injection with saline or Y242. For the chronic study, a dose ramping protocol (Bloom Drug Discovery 

team) was used to start the chronic treatment. Mice were given 12.5% of maximum dose (25 nmol/kg) 

on the first day and 25% (50 nmol/kg daily) for the following two days. From day 4, a 50% of maximum 

dose (100 nmol/kg daily) was administered for a week, and subsequently the full dose (200 nmol/kg 

daily) was administered for the duration of the study. Treatments were administered at approximately 
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2 h before the start of the dark phase, unless otherwise stated. Body weight and food consumption 

were measured daily. After the treatment (6 weeks approx.), glucose homeostasis and islet function 

were evaluated. The study schematic is shown in Fig. 4.3.13.1. 

4.3.8 Metabolic phenotyping 

Intraperitoneal glucose tolerance tests (IPGTT) and insulin tolerance tests (IPITT) were performed on 

4 occasions: i) before starting the HFD; ii) after 8 weeks in HFD; iii) 2.3 weeks (16 days) after the start 

of treatment with analogues; and iv) 6 weeks after chronic treatment with analogues. 

 

Food was removed 5 h prior to the start of the test and the peptide treatment was administered 3 h 

prior to the start of the test. Topical anaesthesia (lidocaine/prilocaine, EMLA™, Aspen, UK) was applied 

to the mouse tail before tail venepuncture. Baseline blood glucose measurement was recorded using 

a glucometer (GlucoRX Nexus, GlucoRX, UK) and then IP injection was performed. In IPGTTs, D-(+)-

glucose (Sigma Aldrich) was administered at 2g/kg. In IPITTs, insulin (Actrapid, Novo Nordisk, 

Denmark) was injected at 1U/kg. Subsequent blood glucose measurements were recorded at 15, 30, 

45, 60, 90, 120, 150 and 180min post-injection. After the study, mice were returned to their cages 

with ad libitum access to food and water. 

4.3.9 In vivo calcium imaging of islet in the ACE 

Islet in the ACE were imaged on three occasions: i) after full implantation and before starting the HFD; 

ii) after 8 weeks in HFD; iii) 6 weeks after chronic treatment with analogues. All animals were imaged 

using a spinning disk confocal microscope (Yokogawa spinning disk, 20x water dipping 1.0NA objective, 

Cairn Instruments) and Metamorph software package (version 7.8.12.0). Animals were anaesthetised 

in an induction chamber and then placed in a stereotaxic head frame placed on a heated stage under 

the microscope objective. Islets expressing GCaMP6f were excited at 488 nm (exposure time of 300 

msec) and images were acquired at 3 Hz acquisition rate. In each animal, a total of 401 frames were 

recorded per imaging session, which was conducted in the dark phase for maximum effect of the 

treatment. In vivo imaging was performed by Dr V. Salem and Dr K. Suba (Imperial College London). 

4.3.10 Imaging processing 

All images were processed and analysed using Fiji (ImageJ). A custom-made macro created by Mr 

Stephen Rothery (FILM facility, Imperial College London) was used. Briefly, images of the time series 

are manually aligned using a region of interest (ROI) as a reference. Frames with poor quality or 

showing different Z depth to the reference frame were removed preserving the temporal information 

of the time series. In the resultant corrected image sequence, a region of interest was placed around 
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the islet and the readouts of fluorescence intensity was measured. The calcium fluorescence signal (F) 

was normalised to the lowest intensity value (Fmin) for each individual islet image sequence. Calcium 

surges were identified as a normalised calcium fluorescence (F/Fmin) 20% above the baseline and by 

visual confirmation in the recorded images.  

4.3.11 Calcium fluctuation analysis 

Peaks were identified by their x/y values in the F/Fmin vs frame plot. The amplitude was calculated as 

the F/Fmin -1 (Fpeak). Calcium waves activity was quantified. The wavelength was calculated as the 

difference between the time point (frame) of two sequential peaks. Full width at half maximum 

(FWHM) was acquired by the difference between the frame number on the ascending limb at Fpeak/2 

and the frame number of the descending limb of the peak at Fpeak/2. 

 

A classification of islet-wide calcium activity was designed by Dr Salem’s team (Fig. 4.3.11.1). Type 1 

denoted quiescent islets with no discernible changes in calcium fluorescent activity. Type 2 activity 

was characterised by the calcium fluctuations in a cell or group of cells. In type 3 activity, a large area 

of calcium activity (20-50% of islet area) was detected but the whole islet does not propagate calcium 

oscillations. In type 4 activity, calcium waving is observed in the whole islet. 
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Figure 4.3.11.1. The islet “Wave Index” classification. 

Semi-quantification of in vivo calcium imaging of pancreatic islets that contain GCaMP6f-expressing 
β-cells and that are implanted in the ACE. Image created by Dr Y Patel using Biorender. 
 
 

4.3.12 Statistical analysis 

All data is presented as mean ± SEM. Data was analysed by unpaired Student’s t test or by two-way 

ANOVA followed by Bonferroni's multiple comparisons test. 
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4.3.13 Experimental design 

C57Bl6/J mice were acclimatised for a week upon arrival. Mice received syngeneic transplant of islets 

expressing the calcium indicator GCaMP6f in β-cells in the eye (section 4.3.3). When transplanted 

islets were fully implanted (4 weeks post-surgery), baseline islet function (session 1) was assessed by 

in vivo calcium imaging (section 4.3.9). Baseline body weight and glucose metabolism was assessed 

(4.3.3). Until then, animals were lean and healthy.  

 

In order to induce obesity, animals received high-fat diet. After 8 weeks, metabolism was assessed to 

confirm the obesity model. Then, we evaluated islet function by calcium imaging in the diet-induced 

obese state (session 2). Obese animals were randomised into groups so that one group would receive 

daily the long-acting PYY analogue (Y242) and another group would receive daily the vehicle. After 2 

and 6 weeks of chronic treatment, glucose metabolism was assessed. After 6 weeks of treatment, 

transplanted islets were imaged again to assess their function. 

 

 
Figure 4.3.13.1. Study design. 

ACE, anterior chamber of the eye; IPGTT, intraperitoneal glucose tolerance test; IPITT, intraperitoneal 

insulin tolerance test; HFD, high-fat diet. 
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4.4 Results 

4.4.1 Effect of high-fat diet on the C57Bl6/J metabolic phenotype 

Tolerance tests were performed when the mice cohort was chow-fed and after 8 weeks of HFD to 

assess the effect of diet-induced obesity (Fig. 4.4.1.1). Baseline blood glucose was lower than 10 

mmol/L in lean and after HFD intervention. In lean mice given a glucose tolerance test, blood glucose 

peaked at 15 min and dropped at 30 min post-IP of glucose (Fig. 4.4.1.1, A). After 8 weeks of HFD, 

glucose tolerance was reduced, with the glucose peak observed at 30 min and blood glucose level 

decreasing only slowly over a 2 h-period (two-way ANOVA, time x treatment: p<0.0001, F (7, 120) = 

11.78). The IPITT (Fig. 4.4.1.1, B) showed a rapid reduction in plasma glucose after 15 min of insulin 

administration with nadir at around 60 min post-injection. No significant differences were observed 

in insulin responsiveness between diets (two-way ANOVA: p = 0.486, F (8, 240) = 0.9383). Body weight 

significantly increased after HFD (Fig. 4.4.1.1, C).  

 

Mice were treated equally and in parallel at this point. Prior to diet intervention and prior to the start 

of Y242 treatment, baseline glucose tolerance (Fig 4.4.1.2, A, B), insulin responsiveness (Fig 4.4.1.2, C, 

D) and body weight between the subsequent treatment groups were not different (Fig 4.4.1.2, E, F).  
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Figure 4.4.1.1. Glucose tolerance, insulin tolerance and body weight before and after HFD in wild-

type mice.  

Blood glucose (mmol/L) during an IPGTT (A) and an IPITT (B) in 5-h fasted chow-fed mice and after 8 

weeks of HFD (n = 16/group).  Body weight (g) on the day of the IPGTT when mice were chow-fed (E) 

and after 8 weeks of HFD (F). A: Two-way ANOVA (time x treatment: p<0.0001) followed by 

Bonferroni's multiple comparisons test. (*p < 0.05, **p < 0.01, ****p < 0.0001). C: Unpaired Student’s 

t test (****p < 0.0001). 
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Figure 4.4.1.2. Glucose tolerance, insulin tolerance and body weight before and after HFD in wild-

type mice showed according to subsequent treatment groups.  

This figure shows the data from 4.4.1.1. grouped according to the treatment that mice subsequently 

received (chronic Y242 or vehicle). Blood glucose (mmol/L) during an IPGTT (A) in 5-h fasted chow-fed 

mice and after 8 weeks of HFD (B). Blood glucose (mmol/L) during an IPITT (C) in 5-h fasted chow-fed 

mice and after 8 weeks of HFD (C). Body weight (g) on the day of the IPGTT when mice were chow-fed 

(E) and after 8 weeks of HFD (F). 
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4.4.2 Acute effect of Y242 in food consumption 

The bioactivity of Y242 was investigated in a feeding test after s.c. administration of 50 nmol/kg of 

Y242 in littermate control mice (Fig. 4.4.2.1). Y242 showed a strong anorectic activity overtime (time 

x treatment: p < 0.0001, F (4, 50) = 32.96) that lasted more than 8 h. 

 

Figure 4.4.2.1. Food intake after Y242 administration.  

Food intake (FI) of fed littermate control mice (6-week-old) after s.c. injection of vehicle or 50 nmol/kg 

of Y242 (n = 6/group) in the light phase (vehicle and Y242 were administered on different days). Two-

way ANOVA (time x treatment: p < 0.0001) followed by Bonferroni's multiple comparisons test 

(**p < 0.01, ***p < 0.001, ****p < 0.0001). 

 

4.4.3 Effect of chronic treatment with Y242 in body weight and food 
consumption in DIO mice 

Body weight and food intake was recorded during the chronic treatment with Y242 (Fig. 4.4.3.1). The 

Y242 dose was established from previous murine food intake studies (unpublished) by the Bloom drug 

discovery programme as that producing acute 2-hour reduction of food intake of >80%. Two-way 

ANOVA revealed an effect of treatment (p <0.0001, F (1, 308) = 18.25) and time (p <0.0001, F (43, 308) 

= 3.019) but no interaction (Fig. 4.4.3.1, A). During the ramping of Y242 dose, a trend towards body 

weight reduction was observed (day 1: p = 0.223; day 2: p = 0.063; day 3: p = 0.359; day 4: p = 0.082; 

day 5: p = 0.167; by unpaired t test). At the end of the experiment, total body weight loss mean was 

non-significantly higher in Y242-treated animals than vehicle-treated mice (p= 0.2463) (Fig. 4.4.3.1, 

B). No differences in cumulative food intake were observed (Fig. 4.4.3.1, C). 
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Figure 4.4.3.1. Body weight loss and food intake during chronic treatment with Y242 in DIO mice. 

Body weight loss (as % of body weight before treatment) (A), total body weight loss (initial body weight 

minus final body weight) (B) and cumulative food consumption (C) in mice receiving daily s.c. Y242 or 

vehicle (n = 8/group). The % of maximum dose and when the treatment with these doses was started 

are shown in A and C. 

 

4.4.4 Effect of Y242 in glucose homeostasis in DIO mice 

Tolerance tests were performed at two different time points (around 2 weeks (16 days) and around 6 

weeks (40 days)) after start of chronic treatment with Y242. No significant differences in glucose 

tolerance were observed between Y242-treated and vehicle-treated DIO mice after 16 days (two-way 

ANOVA: p = 0.412; F (8, 112) = 1.038) and 40 days (two-way ANOVA: p = 0.091; F (8, 112) = 1.767) of 

treatment (Fig. 4.4.4.1, A, B and E). Blood glucose curves in Y242-treated group showed a similar 

pattern to vehicle-treated group after 16 days and after 40 days of treatment (Fig. 4.4.4.1, A, B and E). 

 

If comparing glucose AUC after 16 days and 40 days of treatment, no significant differences were 

observed during the IPGTT in the vehicle group (Fig. 4.4.4.1, C). No significant differences in glucose 

AUC between 16 and 40 days were observed in the vehicle group (p = 0.1508) (Fig. 4.4.4.1, E). Blood 
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glucose curves were similar after 16 and 40 days of Y242 treatment except at t = 60 min, in which 

blood glucose was significantly higher after 40 days of Y242 treatment (p = 0.005). This is reflected 

when analysing the glucose AUC since there was an interaction between treatment and treatment 

duration (two-way ANOVA: p = 0.005; F (1, 14) = 11.37) and significant differences were observed in 

glucose AUC between 16 and 40 days in the Y242 group (Bonferroni's multiple comparisons test: p = 

0.026) (Fig. 4.4.4.1, E). Since vehicle and Y242 showed similar glucose tolerance at 16 and 40 days of 

treatment and there was variability in the vehicle group, the difference between 16 and 40 days with 

Y242 treatment might be an artifact. 
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Figure 4.4.4.1. Glucose tolerance during chronic treatment with Y242 in DIO mice. 

Blood glucose (mmol/L) during an IPGTT in 5-h fasted DIO mice (n = 8/group) after 16 days (A) and 40 

days (B) of daily s.c. injection with Y242 or vehicle. Data is also shown in each treatment group to 

compare the effect of treatment duration (C, D). AUC of the blood glucose increase (from t=0) is 

included (E). C: Two-way ANOVA (time x treatment duration: p<0.0001, F (8, 112) = 7.855) followed 

by Bonferroni's multiple comparisons test. D: Two-way ANOVA (time x treatment duration: p<0.0001, 

F (8, 112) = 6.247) followed by Bonferroni's multiple comparisons test. E: Two-way ANOVA (treatment 

duration x treatment: p<0.0001, F (8, 112) = 6.247) followed by Bonferroni's multiple comparisons test 

(*p < 0.05, **p < 0.01). C: Unpaired Student’s t test (****p < 0.0001). 
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4.4.5 Effect of HFD and Y242 in pancreatic islet function 

The effect of HFD-induced obesity on islet function was studied by recording calcium dynamics in 

fluorescence islets implanted in the ACE (Fig. 4.4.5.1, A). During imaging, blood glucose levels were 

monitored using a glucometer. Blood glucose levels were around 10 mmol/L and animals did not 

receive any glucose. A trend towards a reduced pan-islet calcium dynamic (p = 0.124), as determined 

by wave index semi-quantification, was observed in the 2nd session (after HFD) compared with the 

calcium read-out in lean mice (1st session) (Fig. 4.4.5.1, B). In session 1 and 2, animals had not received 

any treatment yet. As expected, no differences between Y242 and vehicle were observed. Y242 (3rd 

session) did not reverse the reduction in pan-islet calcium activity. 

 

 

Figure 4.4.5.1. Longitudinal pan-islet calcium activity of GCaMP6f-fluorescence islets implanted in 

the ACE of DIO mice. 

Islets expressing the calcium indicator GCaMP6f in β-cells were transplanted into the ACE of syngeneic 

recipient mouse eyes. These islets were longitudinally imaged in a confocal microscope (A). Calcium 

imaging was performed before HFD or treatment (session 1), after 8-week HFD (session 2) and after a 

6-week treatment with the PYY3-36 analogue Y242 or vehicle (session 3). Semi-quantification (wave 

category) of calcium activity in session 1 (n = 7 islets), session 2 (n = 7) and of Y242-treated (n = 3 islets) 

versus vehicle group (n=4 islets) are shown (B). Category indexes are shown as mean±SEM. 

 

 

Calcium activity is a proxy marker of insulin secretion and the islets in the ACE reflect the activity of 

endogenous islets, so the recorded calcium fluorescence indicates islet functionality. Calcium 

fluctuations were also quantified in terms of amplitude, wavelength and FWHM (Fig. 4.4.5.2). After 8 

weeks of HFD, amplitude and FWHM were reduced (p = 0.019 and p = 0.026, respectively), but not 

wavelength (Fig. 4.4.5.2, A-C). If considering the treatment groups, both Y242 and vehicle groups 

showed a non-significant reduction in amplitude and FWHM in session 2 versus session 1, but no 

differences were observed in wavelength (Fig. 4.4.5.2, D-F). After 6 weeks of daily Y242 or vehicle, 
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amplitude did not significantly change compared to session 2, although there was a slight increase in 

the Y242 group compared to the vehicle group (Fig. 4.4.5.2, D). After 6 weeks of treatment, FWHM 

non-significantly increased in both Y242 and vehicle groups after treatment (Fig. 4.4.5.2, F). 

 

Figure 4.4.5.2. Longitudinal waveform analysis of GCaMP6f-fluorescence islets transplanted into the 

ACE of DIO mice. 

Amplitude (A), wavelength (B) and FWHM (C) are shown at baseline (session 1, n= 9) vs after 8-week 

HFD (session 2; n = 13-5). Amplitude (D), wavelength (E) and FWHM (F) are shown in Y242 and vehicle 

groups in session 1 (before diet intervention / start of chronic treatment; n = 5-4 islets/group), session 

2 (before start of chronic treatment; n = 6-9 islets/group) and session 3 (after start of treatment; n = 

7-10 islets/group). A, C: Student’s t test (*p < 0.05). FWHM, full width at half maximum. 
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4.5 Discussion 

The experiments in this chapter aim to study the effects of chronic treatment with a PYY3-36 analogue, 

named Y242, on energy and glucose homeostasis in DIO mice. Islet function was investigated in 

response to HFD and Y242 treatment using an islet-in-eye platform. The novelty of this study relies on 

the application of a novel imaging platform to perform longitudinal functional readouts of the same 

islets and represents the first study on the effects of chronic Y2R activation on pancreatic islet 

function. 

 

At the start of the study, obesity was induced by feeding lean mice with HFD. After 8 weeks of HFD, 

mice showed glucose intolerance and an increased body weight. Mirroring these results, there was a 

reduction in β-cell calcium activity, in accordance with the hypothesis that β-cell function can be 

longitudinally measured by in vivo imaging of islet in the ACE. We hypothesised that chronic 

administration of Y242 would reduce body weight. Chronic treatment with Y242 induced mild weight 

loss that did not reach significance (in part due to the high variation in the vehicle group) and did not 

alter cumulative food intake. Importantly, in lean wild type animals, food intake was significantly 

reduced immediately after administration of 25% of the Y242 dose used in the chronic study. This 

suggests that Y242 produces an acute anorectic effect. We conjectured that Y242 would alter β-cell 

function in obese mice. Y242 did not alter glucose tolerance at any point after the start of chronic 

treatment. In addition, islet function was not altered by Y242 treatment. Taken together these results 

suggest that treatment with the Y2R antagonist Y242 at 200 nmol/kg may cause mild weight loss but 

did not improve (or worsen) glucose tolerance or alter islet function in DIO mice.  

4.5.1 Diet-induced obesity triggers impaired glucose tolerance and a 
reduced glucose disposal 

C57BL/6J mice are widely used to study DIO and, as expected, HFD caused impaired glucose tolerance 

in these DIO mice. It is well accepted that overnutrition impairs glucose tolerance and induces insulin 

resistance, which is initially compensated by increasing insulin secretion from β-cells, but 

subsequently the compensation is insufficient to normalise blood glucose and T2D results. However, 

eight-week HFD did not induce insulin resistance in an IPITT. It is possible that a longer period after 

HFD intervention would be needed to observed differences in insulin responsiveness, and differences 

in mouse strain can also lead to conflicting results (Fergusson et al., 2014; Siersbæk et al., 2020). It has 

been recently suggested that C57Bl/6J sub-strain fed with 60% fat diet are more insulin sensitive than 

other C57Bl/6 sub-strains (Siersbæk et al., 2020). Overall, these indicate that the hyperglycaemia 
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observed in DIO mice in this experiment was probably due to impaired insulin secretion from 

pancreatic islets. 

 

Insulin secretion was not measured but we indirectly studied islet function by assessing calcium 

activity of islets transplanted into the ACE. HFD intervention caused a reduction in calcium activity of 

the transplanted islets. This was observed in wave index analysis as well as in the amplitude and 

FWHM of calcium traces. This is in agreement with another longitudinal study that showed changes 

in the calcium activity of GCamp3-expressing islets engrafted in the eyes of DIO mice (Chen et al., 

2016). Importantly, a recent study from Benninger’s group has shown that HFD reduces the amplitude, 

and a reduced number of cells are coordinated in the obese state (do Amaral et al., 2020). This was 

due to a reduced gap junctions-mediated coupling between β-cells as well as in connexin Cx36, a key 

protein in β-cell coordination (Carvalho et al., 2012; do Amaral et al., 2020). A mechanism involving 

Cx36 might mediate the impact of diet in islet function in this study but connectivity was not studied 

in this study. 

 

The mechanisms underlying obesity-induced β-cell failure have not been fully elucidated but lipids are 

potent stimulators of GSIS and glucagon secretion and they are considered an important link between 

obesity and diabetes (Imai et al., 2019). Indeed, overnutrition alters islet size (Vernier et al., 2012) and 

lipotoxicity impairs connectivity and abrogates incretin effect (Hodson et al., 2013). Chronic exposure 

to HFD triggers β-cell remodelling and impairs insulin secretion and it is a major contributor to T2D 

(Christensen et al., 2019). Palmitic acid is an abundant lipid in the body and is a potent stimulator of 

GSIS, but overexposure to this lipid inhibited GSIS due to defects in calcium mobilization (Hoppa et al., 

2009). Stress pathways and mitochondrial dysfunction have been suggested to further contribute to 

impaired β-cell function in overnutrition (Imai et al., 2019; Christensen et al., 2019). 

 

To summarise, chronic exposure to lipids, as occurs in DIO, can impair insulin production and 

secretion. This study detected this impaired insulin secretion in HFD-fed mice by indirectly measuring 

calcium dynamics in islet implanted in the ACE. This indicates the opportunities provided by this islet-

in-eye platform to study the effect of different nutrient-related states or drugs in the endocrine 

pancreas. 

4.5.2 Long-acting Y2R agonism causes a non-significant reduction in body 
weight and does not alter total food intake or glucose homeostasis 

Chronic treatment with the long acting PYY analogue Y242 in DIO mice did not alter total food intake, 

and body weight loss was mild (it did not reach significance). In contrast, acute Y242 in lean mice (at 
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50 nmol/kg) had a strong anorectic effect. Several studies have shown that animals and humans 

respond to exogenous PYY3-36 in both lean and obese states (see section 1.5.3), so this difference is 

unlikely to be due to the nutritional status.  

 

At the beginning of treatment, all mice are acclimatising daily injections and the loss in body weight is 

potentially caused by stress. As they get used to it, body weight stabilised in both groups (day 5-10). 

From that point, the body weight of Y242-treated animals remains low compared to vehicle treated 

animals. The body weight in vehicle group drops slightly at around day 15 but seems to increase 

progressively from day 2. Despite we cannot draw conclusions due to the high variability and the 

subtle effect of Y242 in body weight, we hypothesise that the continuation with Y242 is counteracting 

the hyperphagia that could be caused by the initial reduction in body weight. We could not measure 

energy expenditure or activity but this could help explain this data. 

 

The overall reduced body weight in the vehicle group (receiving saline with zinc chloride) as well as 

the high variability is probably masking the effect of Y242 in body weight. It is possible that the 

reduction in body weight of the control group is caused by zinc. Zinc has been shown to reduce body 

weight and insulin resistance in obese subjects (Khorsandi et al., 2019) and inhibits POMC neurons, 

which would alter feeding and glucose metabolism (Qiu et al., 2014). However, zinc chloride has been 

used to enhance peptide depot formation and help the sustained release of peptides in human and 

rodent studies (Ratner et al., 2010; Price, Minnion & Bloom, 2015) and, to my knowledge, there are 

no reports on zinc chloride causing weight loss in these settings. 

 

PYY3-36 can reduce food intake and body weight by causing aversion in rodents depending on the dose 

(Chelikani, Haver & Reidelberger, 2006; Halatchev & Cone, 2005). In this study a CTA was not 

performed but it is unlikely that chronic Y242 caused aversion as cumulative food intake was not 

altered by the treatment and no behavioural effects were observed. Other studies in rats have 

suggested that PYY3-36 reduces caloric intake during the infusion interval, and that compensatory 

hyperphagia during non-infusion depends on the interval period and dosing pattern (Chelikani et al., 

2006; Chelikani, Haver & Reidelberger, 2007). However, the Y242 profile of action lasts 72 hours, much 

longer than PYY (unpublished data). We do not observe a reduction in food intake in the Y242-treated 

mice at any point. The effect of chronic Y242 in body weight was mild so it is possible that the 

differences in food intake were subtle and were not detectable within the limits of our methods. 

Further investigation on the effects in food intake of acute administration of Y242 for more than 72 

hours could help clarifying why we do not observe a reduction in food intake in the chronic study. It is 
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possible there was a rebound hyperphagia and measuring food intake more frequently (e.g., at 8 h 

post-injection) would have been useful. For reasons of time, this project was not focussed on the 

anorectic element of this agent. Instead, this experiment was designed (based on previous 

observations) to use Y242 chronically to induce mild weight loss in order to establish its weight-loss 

independent effects on islet function.  

 

Previous studies have tested the effect of exogenous chronic PYY3-36 treatment in energy homeostasis 

in obese rodents and have obtained similar outcomes (Pittner et al., 2004; Adams et al., 2006; Vrang 

et al., 2006). In ob/ob mice, continuous infusion of PYY3-36 via osmotic pump reduced body weight 

without altering food intake or glycemia (Pittner et al., 2004). In DIO C57Bl/6J mice infused with PYY3-

36 for 28 days, the median effective doses of PYY3-36 were 466 μg/kg/day and 297 μg/kg/day to observe 

a reduction in cumulative food intake and in body weight, respectively (Pittner et al., 2004). In other 

study in DIO mice, chronic PYY3-36 infusion also reduced body weight but only the highest dose (1000 

μg/kg/day) altered food intake (and only on the first day of treatment) (Vrang et al., 2006). Several 

experiments in obese and/or diabetic rodents (Vrang et al., 2006; Adams et al., 2006; Pittner et al., 

2004) have observed that PYY3-36 reduced body weight but that the effect in food intake was transient. 

Intermittent i.v. in lean rats (Chelikani et al., 2006) or intermittent i.p. injection of PYY3-36 in DIO rats 

(Chelikani, Haver & Reidelberger, 2007) achieved a more sustained reduction in daily food intake. In 

this study, Y242 was administered by once-daily s.c. injection so it cannot be directly compared to the 

protocols used in these previous studies. However, all these studies indicate that chronic exogenous 

Y2R agonists can decrease body weight in different models and using different doses, but that food 

intake reduction is highly dependent on the dosage and the administration pattern. These studies 

might also indicate the difficulty in observing reduced food intake by weighing food once daily in 

chronic PYY3-36 treatments and high-resolution food intake measurements might be needed. 

 

The transient reductions in body weight could be limited by altered appetite signalling or due to a 

desensitisation of the receptors, which is the reduction in response after prolonged or repeated 

administration of an agonist. Desensitisation can be homologous or heterologous (Kelly, Bailey & 

Henderson, 2008; Rajagopal & Shenoy, 2018). Homologous desensitisation occurs when the receptor 

causes loss of responsiveness to an agonist present at high concentration. In contrast, heterologous 

mechanisms attenuate receptor responsiveness independently of agonist binding and can affect 

multiple GPCR subtypes. Phosphorylation of the receptor is key in both mechanisms and can be 

mediated by different kinases (e.g., G-protein receptor kinases (GRKs) in homologous desensitisation). 

According to the classical view, the phosphorylated receptor is recognised by arrestins that inhibit 
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coupling to G-proteins resulting in desensitisation. Arrestins recruit other proteins (e.g., clathrin) and 

this is followed by internalisation. The receptor is dephosphorylated and recycled to the plasma 

membrane (resulting in resensitisation). In case of long-term stimulation, the 

arrestin/phosphorylated-GPCR complex can be targeted to lysosomes resulting in a reduction of 

receptor expression in the plasma membrane (downregulation). These processes result in 

tachyphylaxis. Y2R desensitisation was observed in rodent chronically treated with a PYY analogue 

(Ortiz et al., 2007). It is possible that lower doses and/or less frequent administration of Y242 would 

be needed to observe an effect in cumulative food intake. Biased agonism is the ability of ligands 

acting at the same receptor to activate a distinct subset of signalling pathways by stabilising different 

conformational states of the receptor. Using this approach, drugs could be designed so that arrestin 

recruitment and internalisation are reduced or that receptor recycling is increased. Biased agonist 

could allow to increase the efficacy of agonist, as has been suggested for GLP-1R (Jones et al., 2018), 

and to avoid off-target effects, such as in the case of ghrelin (Nagi & Habib, 2021). Y242 full 

pharmacological characteristics are not discussed since this peptide is part of a confidential drug 

discovery line. 

 

In addition, previous studies in my group have shown that chronic treatment with PYY3-36 or analogues 

in obese rodents causes only a temporal reduction in body weight that return to initial body weight 

overtime and, if treatment is stopped during the period in which body weight is reduced, hyperphagia 

and increased body weight are observed (unpublished data). This indicates that Y242 alone is not an 

effective weight loss therapy but in conjunction with other gut hormones can contribute to weight 

loss. 

  

Mice overexpressing PYY were protected against diet-induced obesity and showed increased 

thermogenesis (Boey et al., 2008). Importantly, an increase in locomotor activity in PYY3-36-treated DIO 

rats was also observed, and this could cause the increased weight loss (Vrang et al., 2006). We were 

not able to measure locomotor activity or energy expenditure in the Y242-treated DIO mice..  

 

We compared glucose tolerance of Y242-treated mice versus vehicle-treated mice at two different 

times (day 16 and day 40) during chronic treatment. In each of these days, we have not observed an 

effect of chronic Y242 in glucose tolerance compared to vehicle. This is in agreement with other 

studies in which chronic infusion with PYY3-36 did not have a significant effect in DIO rats and caused 

an increased in glucose tolerance OGTT only at the highest dose (1000 μg/kg/day) in DIO mice (Vrang 

et al., 2006). In humans, PYY3-36 infusion did not improve glucose homeostasis in the fasted state 
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(Batterham et al., 2002, 2003a; Sloth et al., 2007). In contrast, Chandarana and colleagues showed 

that exogenous PYY3-36 improved glucose tolerance via acting on the Y2R, albeit this was mediated by 

post-prandially increasing hepato-portal GLP-1 (Chandarana et al., 2013). We have not measured GLP-

1 levels in plasma or in hepatic portal vein but benefits of combining PYY and GLP-1 have been 

previously observed in humans (Neary et al., 2005; De Silva et al., 2011; Schmidt et al., 2014).  

 

When comparing the effect of time in the chronic treatment, glucose tolerance tests at day 16 and 

day 40 of Y242 treatment differed only at 60 min after glucose administration suggesting a technical 

issue at this time point. We expected that blood glucose curves of vehicle treated mice would be 

similar at day 16 and day 40 of treatment but the glucose profile where slightly different, suggesting 

that other confounding factors in the experimental procedure (e.g., stress) might influence the results.  

A longer study with another glucose tolerance test at a later time would be required to confirm if Y242 

chronic treatment has a true detrimental effect in glucose tolerance. However, we do not expect that 

a longer Y242 would alter glucose homeostasis. 

 

After oral glucose, chronic PYY3-36-infused DIO rats showed increased plasma insulin (Vrang et al., 

2006). We cannot directly compare our results with this study. However, our islet function data do not 

indicate an increase in calcium oscillation after 6-week Y242 treatment in DIO mice. This approach has 

been clearly demonstrated by our group to highlight the effects of raising glucose on islet function, as 

well as the effects of bariatric surgery and GLP-1 (unpublished). In agreement with this, PYY1-36 does 

not alter cytoplasmic calcium concentration despite inhibiting insulin secretion in perifused islets 

(Nieuwenhuizen et al., 1994). In addition, no effect in insulin secretion was observed in PYY3-36-treated 

mouse islet despite an increase in plasma insulin post-injection (Chandarana et al., 2013). The gold 

standard to measure insulin sensitivity is the hyperinsulinemic-euglycemic clamp technique, which 

maintains hyperphysiological plasma insulin levels and physiological glucose levels by a variable 

glucose infusion rate. In diabetic obese rats, chronic PYY3-36 infusion showed a trend towards an 

increased insulin sensitivity (Pittner et al., 2004). HFD-fed mice i.v.-infused with PYY3-36 during the 

clamp showed an improved insulin sensitivity but this was not observed in basal conditions (before 

the clamp) (Van Den Hoek et al., 2004). However, the postprandial levels of PYY3-36 in the mouse are 

unknown and therefore these data do not confirm that physiologically occurring PYY3-36 reinforces 

insulin action. 

 

Other Y2R agonists have been designed and tested as chronic treatments for obesity and diabetes. A 

long-acting PEGylated PYY3-36 analogue administered once-daily showed a dose-dependent reduction 
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in body weight in a 14-day period (Ortiz et al., 2007). As observed in other studies, the effect of the 

PEGylated peptide in food intake during chronic treatment was transitory. More recently, a long-

acting antibody-conjugated PYY3-36 analogue was shown to reduce body weight and reduce fasting 

insulin while being more tolerated than a PEGylated analogue (Rangwala et al., 2020). 

 

Studies on the effect of long-acting Y2R agonists not only depend on their design and the 

pharmacological characteristics of the peptides, but also on the animal model, the diet composition 

and the route, dose and frequency of administration. While some studies have performed 

subcutaneous injection others use osmotic pumps, which can infuse continuously or intermittently. 

Some studies have used ob/ob, db/db and Zucker diabetic rats, which lack leptin or are insensitivity to 

leptin. DIO models are a better representation of obesity-diabetes. Taken together, this study has 

shown that Y242 treatment in DIO mice did not cause changes in cumulative food intake or in glucose 

tolerance, which agrees with previous reports, and triggered a mild non-significant reduction in body 

weight. This beneficial effect of Y2R agonism could be amplified by increasing the dose (while avoiding 

aversion), modifying the peptide structure to increase potency, or by combining it with other gut 

hormone analogues (e.g., GLP-1 analogues) or other weight-loss approaches, such as inulin 

proprionate ester.  

4.5.3 Limitations of this study and future work 

This study has used a longitudinal and direct imaging platform that allows in vivo study of islet insulin 

secretion. This method successfully detected the diet-induced changes in β-cell activity. Connectivity 

between β-cells is lost in HFD-fed mice and is recovered after caloric restriction (do Amaral et al., 

2020). It would be of interest to assess connectivity by single-cell analysis of calcium fluorescent islets 

in the ACE (Salem et al., 2019).  

 

Several studies have suggested that exogenous PYY3-36 regulates insulin sensitivity and secretion. 

Although, in vitro perifused islet approaches have been used to study the effect of different stimuli in 

insulin secretion, Y2R expression in islets is controversial and it is more likely that Y2R agonists have 

an indirect effect in insulin secretion. To overcome this, we used a method based on islets engrafted 

in the anterior chamber of the eye, where they are vascularised and innervated. We expected that 

this more physiological approach would detect changes in β-cell secretion after Y242 treatment. 

However, Y242 treatment did not have a detectable effect on islet secretory activity in the islet-in-eye 

protocol used in this study. Since PYY regulation of insulin secretion might depend on glucose levels, 

it is possible that differences in islet activity would be observed after previous administration of a 
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glucose bolus. These studies should be supplemented with more information about insulin secretion 

and and insulin action during an in vivo clamp experiment.  

 

Previous studies (Pittner et al., 2004; Vrang et al., 2006) have shown stronger effects in food intake 

(at least transiently) and body weight with continuous infusion of PYY3-36. Therefore, the maximum 

effect of Y242 might not have been observed at this dose due to the low frequent administration. 

Future experiments should explore the metabolic effects of other doses and dosage patterns of Y242 

or similar peptides, like Y3394 (a PYY analogue more potent than Y242 recently developed by Imperial 

College London). Future experiments should control the plasma levels, as well as in hepato-portal vein, 

of the PYY analogue and GLP-1 (Chandarana et al., 2013). Chronic treatment with PYY3-36 can reduce 

adiposity (Pittner et al., 2004; Adams et al., 2006; Vrang et al., 2006; Chelikani, Haver & Reidelberger, 

2007) but adiposity could be not be quantified in this study. Therefore, the potential beneficial effects 

of Y242 in metabolism could be further explored by body composition screening. 

 

Future experiments could assess if chronic exogenous PYY3-36 analogues can affect energy expenditure 

in metabolic cages, which will perform indirect calorimetry as well as monitor activity. This would 

clarify if compensatory hyperphagia occurs after the effects of Y242 disappear, or if Y242 alters meal 

patterning without altering total intake.  

 

It is unknown whether Y2R analogues in combination with other long-acting gut hormone analogue 

could have resulted in a more potent weight loss effect or glycaemic improvement. Future 

experiments could examine the effects of co-administration of Y242 with a GLP-1 analogue that might 

supplement the PYY-induced weight loss with a more potent effect on glucose tolerance and insulin 

responsiveness. 
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Chapter 5: Final discussion



 
 

181 
 

 
Gut hormones have been identified as key regulators of glucose metabolism, gastrointestinal 

secretory function and motility, food intake and long-term energy homeostasis. These hormones are 

potential targets for weight loss and type 2 diabetes treatments, as exemplified by the licensing of 

GLP-1 analogues to treat diabetes and latterly obesity in the absence of diabetes (Pi-Sunyer et al., 

2015). Since gut hormones are endogenously secreted, and underpin the body’s natural mechanisms 

to limit overconsumption, they are more promising than previous appetite suppressing drugs, such as 

sibutramine and rimonabant, which have been removed from the market due to dangerous off-target 

effects.  This highlights the complexities of the systems and receptors involved in moderating appetite 

and energy expenditure and the need for research into these pathways in order to pick out the safest 

and most effective targets for drug development. Bariatric surgery is still the most effective treatment 

for obesity but it is costly and involves risks for the patient. Recent research has suggested that 

increased circulating gut hormones contribute to the beneficial effects of bariatric surgery. This 

further supports the concept of peripheral administration of gut hormones to mimic the post-bariatric 

surgery conditions as an effective and safe therapeutical approach.  

 

In order to target the gut hormone system for therapy, we need to better understand the pathways 

involved.  Much of the earliest work into gut hormone signalling focused on the endocrine actions on 

the central nervous system. Latterly it became apparent that the vagus nerve might be particularly 

important as a conduit for the neuroendocrine effects of gut hormones and, since vagal afferents are 

in such close proximity to the site of release of gut hormones, the concept of a paracrine role of gut 

hormones on nervous activity has grown. Furthermore, whilst many of the aversive (nauseating) 

effects of high doses of gut hormones are clearly related to activity in central appetite/chemosensory 

areas, it remains unknown as to whether targeting the vagus may avoid these effects and provide a 

better site for targeting gut hormone action to maximise food intake reduction without inducing 

nausea. 

 

The role of the vagus nerve in the gut-brain axis is complex and recent approaches are allowing us to 

begin to understand the function of different neuronal populations of the afferent vagus nerve.  A 

major advance has been to differentiate afferent and efferent signalling. In this thesis we have 

developed a model to start to interrogate the interaction between gut hormones and afferent vagal 

signalling, which transmits sensory information from the gastrointestinal tract to the brain. By 

genetically altering vagal afferent neurons, we aimed to understand the role of vagus nerve activity in 

feeding behaviour (Chapter 2), with great focus on the gut hormone PYY3-36 (Chapter 2 and 3). The 

PYY3-36/Y2R signalling in vagal afferents is expected to be involved in the short-term regulation of 
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feeding. To study the benefits of PYY3-36 treatment in long-term energy homeostasis, diet-induced 

obese mice were treated with a long-acting PYY3-36 analogue, Y242, and the effects in body weight and 

pancreatic islet function were assessed. Apart from its role in feeding and energy homeostasis, the 

vagus nerve has been linked to other physiological roles. Vagus nerve activity modulation is an 

interesting therapy for a range of conditions, including obesity, but the mechanisms of action remain 

unclear. In essence, the use of vagal nerve stimulation is in its infancy, since we still have very little 

nuanced understanding of the different firing patterns involved with different physiological roles of 

the vagus and we are not yet able to fine tune vagal nerve manipulation in order to recreate or 

upregulate certain desired effects.  This brings into focus the importance of research aimed providing 

a more detailed understanding of the actions of the vagus.   

 

With the development of a new microsurgical technique to interrogate vagal function during my 

research, it became of interest to me to apply this technology to important questions regarding vagal 

effects on gut physiology.  We chose to investigate the effect of chronic vagal afferent activation (using 

chemogenetics) in lamina propria immune cell populations in order to see whether this technique can 

be applied to understanding the interaction between afferent vagus nerve and gut 

immunophenotype. This feeds into a new area of intense research into the immune regulation of the 

gut, which has been found to be relevant not just in obesity but a broad range of other human disease 

processes including inflammatory bowel disease and food allergy.  If successful this new approach 

could provide an excellent tool for this type of research. An important limitation of this pilot 

experiment is the lack of confirmation of hM3Dq expression in the vagus nerve. However, the 

profound effect of the DREADD ligand in acute food intake, added to the high success rate of viral 

gene knockdown and GFP expression by injecting in the NG, suggest that most animals have some 

level of DREADD expression in NG. 

 

Although the low sample size did not provide significant effects, this pilot experiment revealed a 

convincing trend for vagal afferent activation to reduce the numbers of innate cells, i.e., ILCs, as well 

as immune cells of the adaptive system, such as Treg cells, which are key in maintaining tolerance within 

the wall of the gut. Potential underlying mechanism are that vagal activation enhances the number of 

cells leaving the lamina propria or that it increases apoptosis. In addition, the activation of the vagus 

nerve might alter the secretion of factors that can inhibit or activate immune cells as well as altered 

the activity of other neurones, such as the ENS. The role of specific neuropeptides and cytokines in 

the action of ILC in intestinal barrier is of great interest. Apart from the lamina propria, the muscularis 
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should also be immunophenotyped as mast cells and resident macrophages in this layer are also 

potentially altered by vagal neuromodulation. 

 

In addition, it is likely that genetically defined vagal afferent populations have specific roles of 

genetically defined vagal afferent populations, such as nociceptors (Talbot et al., 2015). Due to the 

important role of the vagal efferent arm in the anti-inflammatory reflex, this data could be 

supplemented by assessing the immunophenotype after activating vagal efferents by inducing 

DREADD expression in the DMX or DVC. It is possible that the effects we have observed are a result of 

the communication of vagal afferents with the brainstem and the output from the vagal efferents. 

Since the crosstalk, whether direct or indirect, between vagal afferents and immune cells is likely 

dependent on the context and the immune challenge, it would be interesting to explore the effect in 

gut immune cells of vagal chemogenetic modulation in the context of inflammation, such as food 

allergy models or high-fat diet.  

 

One of the main aims of this project was to investigate the role of the vagus nerve in mediating the 

anorectic effect of the gut hormone PYY3-36. The vagus nerve is suggested to be involved in the 

signalling of other anorectic gut hormones secreted from enteroendocrine cells, such as CCK and GLP-

1. PYY is released postprandially from L-cells and exogenous peripheral PYY3-36 suppresses appetite in 

humans and rodents. Interestingly, PYY3-36 retains its anorectic effect in obese subjects. This suggests 

that PYY3-36 can be a potential target for weight loss but its mechanism of action remains unclear. 

Although a central pathway of action was originally suggested (Batterham et al., 2002), the receptor 

of PYY3-36 Y2R is also expressed in the vagus nerve suggesting it also plays a role in the mechanism of 

action of PYY3-36. PYY3-36 increased the calcium activity of nodose ganglia neurons in culture. This 

suggest that vagal Y2R couples to Gq upon PYY3-36 binding resulting in IP3-dependent calcium release. 

This is in contrast to previous reports that Y2R in the brain works as a presynaptic autoinhibitory 

receptor. Our observations should be further confirmed in Y2R vagal afferents expressing GCamP as 

well as by cAMP assays. 

 

For the first time, we have presented a study of the effect of bilateral vagal afferent-specific activation 

in awake animals using chemogenetics. Activation of all vagal afferent neurones suppressed food 

intake, as observed in acute feeding studies, and resulted in a reduction in body weight. The effect in 

food intake after DREADD ligand administration was profound whereas effect of the ligand in non-

DREADD control animals showed an attenuated feeding suppression. Future studies could adjust the 

dose and administration pattern of the DREADD ligand to avoid the off-targets effects. Since 
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chemogenetic activation of the afferent vagus resulted in such a large effect on food intake, it is 

unclear whether the lack of any further effect of PYY3-36 in this situation is because the PYY3-36 vagal 

afferents were already activated or because any effect was masked. It is possible that afferent vagus 

activation directly or indirectly (maybe via the brainstem and vagal efferents) caused an increase in 

anorectic gut hormones levels. An increase in circulating anorectic gut hormones was observed in VNS-

treated rodent (Dai, Yin & Chen, 2020). Independently of the potential involvement of other gut 

hormones, overall, these suggest that PYY3-36 suppresses food intake by activating the afferent vagus 

nerve. Future studies could use this chemogenetic approach to explore the effect of specific Y2R-

expressing vagal afferents activation and inhibition, in food intake, gastric emptying and meal pattern, 

also to supplement our data in models with vagal Y2R disruption. 

 

Vagotomy blunts the anorectic effect of exogenous PYY3-36 in rats suggesting a role of vagus nerve in 

mediating PYY3-36 actions (Abbott et al., 2005a; Koda et al., 2005). However, vagal lesioning has many 

off-target effects and it is unclear if the vagus nerve is truly required for mediating PYY3-36 effects. In 

this work we have used different models to more specifically disrupt the vagal Y2R. One of the mouse 

models was based on Nav1.8-drived Y2R knockout. However, germline models can develop 

compensatory mechanisms and this approach was semi-specific (as Nav1.8 is expressed in other parts 

of the nervous system). To overcome this, we generated a novel mouse model based on the 

microinjection of Cre-expressing AAV into the nodose ganglia of Y2R floxed adult mice. This allows the 

super-selective genetic alteration of vagal afferents subpopulations of adult mice as a recovery 

procedure. 

 

We hypothesized that low doses of peripherally-administered PYY3-36 would mirror the effects of 

endogenous PYY3-36 and that it suppresses appetite via the vagus nerve. In contrast, higher doses of 

PYY3-36 would have central actions due to the higher probability of brain penetration and also the 

aversion effect previously reported (Halatchev & Cone, 2005). We observed a dose response to PYY3-

36 in terms of a reduction in food intake of freely fed control mice in the early dark phase. The trend 

for a reduction in food intake with low dose PYY3-36 was reproducible although with the numbers used 

in my experiments this did not consistently reach significance (chapter 2 and 3). It is possible that 

increasing the sample size or that performing acute feeding studies in fasted animals could result in a 

more considerable food intake suppression after the low dose of PYY3-36. On the other hand, this low 

dose did not significantly reduced food intake in any feeding paradigm in other study in mice 

(Halatchev et al., 2004). Exogenous PYY3-36 at the used doses has a moderate anorectic effect and acts 
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only for a short period of time so stress can mask its effect in food intake, although animals were 

accustomed to i.p. injections before feeding studies (Halatchev et al., 2004).  

 

Disruption of Y2R in adult mice by injection of Cre-expressing virus in the NG resulted in a reduced Y2R 

gene expression but there was not a complete disruption and, therefore, some vagal PYY3-36 signalling 

remains. Despite this, we observed a blunted food intake suppression in response to low dose in vagal 

Y2R KD animals. This phenotype was supported by the similar observation in Nav1.8-driven Y2R KO. 

Moreover, induction of endogenous PYY release suppressed food intake in control mice but this was 

attenuated in mice with disrupted vagal Y2R signalling, despite the likely activation of 

mechanoreceptors as well as secretion of other gut hormones.  

 

Vagal Y2R might be mediating the anorectic effect of low dose PYY3-36 by activating neurons of the 

caudal NTS and AP, as suggested in Nav1.8-driven Y2R KO mice. These neurons could further 

communicate with higher brain centres and other brainstem centres to generate an output response. 

However, no definitive conclusions regarding brainstem neuronal activation in response to 

endogenous or exogenous PYY3-36 can be made due to the sample size. Detecting c-Fos increase in 

brainstem after PYY3-36 has shown to be challenging and this might be due to the doses used, the 

feeding state of the animal, the stress during the procedure or that PYY3-36 uses different mechanisms 

to other satiety hormones (Halatchev et al., 2004). No differences in brainstem neuronal activation 

were observed after inducing endogenous PYY release. Again, this could be partly due to the low 

sensitivity of c-fos quantification and the fact that this experiment was underpowered. Oral gavage of 

a nutrient bolus activates several vagal receptors, both mechanoreceptors and chemoreceptors, and 

this could potentially mask the PYY-induced increase in c-Fos of brainstem neurons. Future studies 

should evaluate c-fos expression in other brain centres in the vagal Y2R KD model, such as ARC and 

other hypothalamic nuclei as well as reward centres previously involved in gut hormone-mediated 

appetite suppression (Han et al., 2018).  

 

Gut hormone-mediated anorectic effects can also be due to a non-physiological pathway that involves 

nausea (in humans) or aversion (in rodents), as has been shown for PYY3-36 (Halatchev & Cone, 2005). 

Nausea or aversion are considered at the end of the satiety spectrum and are activated when anorectic 

stimuli cross a threshold (e.g., high dose of infused gut hormone). Nausea effect is one of the main 

limitations of gut hormone infusion as an anti-obesity treatment and it is likely due to the access of 

these gut hormones to central circuits. A conditioned taste aversion study of the doses used in this 

work showed that the appetite suppression caused by exogenous PYY3-36 at the doses used in this work 
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was not mediated by visceral illness. PYY3-36 at high dose might act directly in the hypothalamus or 

brainstem to suppress food intake but aversion is not induced. Finally, it is worth considering that our 

assumption of the differential actions of low dose (physiological) and high dose (pharmacological) 

effects of PYY3-36 may be overstated.  For example, if we suppose that PYY3-36 physiologically acts locally 

on vagal afferents, then a low dose administered peripherally may not actually be arriving at the nerve 

terminals of interest. 

 

It is possible that exogenous PYY3-36 causes a reduction in food intake at least partly by delaying gastric 

emptying. Indeed, vagal Y2R disruption accelerated gastric emptying. In addition, vagal Y2R disruption 

resulted in smaller and shorter meals with shorter time between meals. The mechanism underlying 

this change in meal patterning needs to be elucidated. However, these data suggest that animals are 

feeling satiated faster after a food intake start. This is surprising since Y2R is involved in food intake 

suppression postprandially and vagal Y2R disruption could be expected to delayed meal termination. 

After a meal, mice with disrupted vagal Y2R signalling are hungry earlier resulting in an increase in 

shorter inter-meal durations (i.e., more frequent meals) in a mechanism in which gastric emptying 

might be involved. It is possible that vagal Y2R knockdown alters signalling in other brainstem centres  

In support of these results, the disruption of other gut hormone receptors, including the vagal GLP-

1R, also alters gastric emptying and meal patterning (de Lartigue, Ronveaux & Raybould, 2014; Krieger 

et al., 2016; Davis et al., 2020). It is also possible that the tendency for more meals is caused by the 

increased ambulatory activity. However, the mechanism underlying increased ambulatory activity 

remains to be elucidated. NPY signalling could have increased, maybe via other YRs, resulting in this 

increased ambulatory activity (Edelsbrunner et al., 2009). Future studies should characterize the 

expression of other neuropeptides and gut hormone receptors in the vagus nerve as well as in 

brainstem. In addition, changes in circulating gut hormone levels might also underlie the change in 

meal patterning.  

 

Although it has been assumed that vagal afferents expressing gut hormone receptors are 

chemoreceptors by responding to EEC-derived gut hormones, this has been recently challenged by 

the mechanosensing role of the Glp1r vagal afferent population (Williams et al., 2016; Bai et al., 2019). 

In addition, vagal afferent populations could have unexpected functions, such as the role of Oxtr vagal 

afferents in communicating with GLP-1 secreting PPG neurones of the NTS (rather than the Glp1r 

population) (Brierley et al., 2021). Therefore, the disruption of vagal Y2R could have altered other 

pathways that are contributing to the altered meal patterning. 
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The experiments performed in this work are very selective, knocking down signalling in only one 

portion of a highly complex neuroendocrine circuit, might not be expected to have a large effect on 

phenotype and these experiments are able to pick out the individual effects on certain parameters. 

This is also mirrored by the subtle differences observed in acute feeding response to exogenous and 

endogenous PYY3-36. Importantly, even a mild reduction in food intake can be physiologically or 

clinically relevant. This work suggests that vagal PYY3-36 signalling is involved in the satiety feeling in 

the short-term but not in the long-term control of energy homeostasis. This is supported by the fact 

that vagal Y2R disruption in the adult mouse did not alter body composition, body weight (at least 

after full viral expression), energy expenditure or total food intake. Future experiments should further 

dissect the roles of left versus right vagal afferents as well as the higher brain centres involved in the 

signalling pathway of interest. It is possible that is not necessary to inject in both NG sides as well as 

that distinct pathways can be investigated by targeting left or right vagal afferents (Han et al., 2018).  

  
We have established a surgical technique in mice that allows unprecedented insights into the function 

of the vagus nerve and that can be used to advance in understanding the role of vagal afferent 

subpopulations. This concept was previously established in rats at ETH Zurich and we have optimised 

it in mice. This method it is an advance in terms of the 3Rs principles (Replacement, Reduction and 

Refinement). In order to minimise harm and improve welfare, minimal manipulation of the vagus 

nerve during the exposure, tissue retraction and injection. Perioperative care was refined to avoid the 

effects of vagal over-activation on the heart by administration of atropine, an antagonist of the 

muscarinic receptors. After surgery, animals were kept in social groups and in an enriched 

environment.  This technique is less invasive than vagal lesioning surgeries (e.g., vagotomy) and, in 

addition, allows the specific deletion of a gut hormone receptor, in this case the Y2R, without causing 

neuronal death. Injections in the nodose ganglia were performed in side in two different sessions 

allowing recovery in between. This was due to the higher mortality rate observed when over-

manipulating of the vagus nerve, which can lead to abnormal autonomic function and altered heart 

rate in the acute postoperative and recovery period. The duration of the surgery was notably reduced 

also contributing to the high survival rates (almost 100%).  In addition, our methodology involves the 

analysis of expression or knockdown rate in each nodose ganglion, which minimise the number used 

in each experiment.  

 

PYY3-36 is rapidly cleared from the circulation and has a short half-life, e.g., 13 min in mouse (Nonaka 

et al., 2003). From a therapeutical perspective, this limits the efficacy and makes administration 

difficult. The development of gut hormone analogues with increased bioactivity or half-life has 

deserved extensive research. We have focused on the long-term PYY3-36 analogue Y242. In lean 
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animals, Y242 strongly suppressed appetite for more than 8 hours after injection. In obese, glucose 

intolerant animals, chronic Y242 slightly reduced body weight on the first days (during dose ramping) 

but 200 nmol/kg/day of Y242 did not achieve a significant weight loss by the end of the chronic 

treatment (around 40 days). Since PYY3-36 retains its anorectic activity in obese subjects we expect that 

the bioactivity of Y242 is similar in the obese state. Daily food intake did not change. It is likely that 

there is a compensatory hyperphagic response to Y242 injection (later than 8 h-post injection) that 

the methodology used in this work could not detect. Measuring food intake more frequently could 

clarify this. However, the main aim of this project was not to study the effect of Y242 in short-term 

feeding but its ability as a weight loss agent. 

 

 The mechanism underlying the reduction in body weight despite the lack of change in daily food 

intake needs to be elucidated. Previous studies have shown that the effect in food intake of chronic 

PYY3-36 disappears at the beginning of the treatment while the effect in metabolism persists (Adams et 

al., 2006; van den Hoek et al., 2007). Chronic PYY3-36 increased fat oxidation (van den Hoek et al., 2007) 

and PYY3-36 treatment caused fat loss and increased faecal energy loss in DIO mice (Adams et al., 2006). 

Therefore, chronic Y242 could cause other changes in energy balance and this caused the mild effect 

in body weight. Substrate utilization, physical activity, body composition and fecal energy density 

measurement could help understanding the effect of Y242 in metabolism and body weight loss. 

  

Importantly, the DIO animals receiving subcutaneous injection of the vehicle also lost weight after 

starting daily injections and there was great variability in this group. These could be due to stress and, 

consequently, it makes difficult to make definitive conclusions of the ability of Y242 as a weight loss 

treatment. However, the body weight in this group increases or stabilises whereas the body weight in 

Y242-treated mice remain low. We hypothesise that continuing the treatment with Y242 avoids the 

rebound weight gain that would occur following the initial body weight loss. Due to variability, the 

doses used in this experiment as well as different  doses and/or different administration patterns 

should be explored in another cohort.  

 

Other studies of chronic administration of PYY have shown similar results – chronic treatment, unless 

delivered in pulses into the portal vein, often does not result in long-term significant reductions in 

body weight, despite early acute anorectic effects.  It remains unclear as to whether this is because of 

receptor downregulation or the activation of other weight-loss protective pathways. An important 

observation is that chronic use of PYY3-36 as a single agent typically causes minor weight loss and the 

rebound hyperphagic effect that occurs after withdrawal of an anorectic agent is inhibited with 
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continued usage (Parkinson et al., 2008). Thus, an anorectic agent like PYY3-36, may not be ideal as a 

single agent in the treatment of obesity but might be particularly useful in combination therapies with 

other anorectic or energy expenditure-raising hormones. 

 

There is some evidence that PYY3-36 might be beneficial for insulin sensitivity and secretion. On the 

other hand, other members of the Y-receptor families which share some cross reactivity with PYY may 

work directly or via autonomic neurones to inhibit insulin secretion.  Thus, whether PYY-based agents 

are used either as monotherapy or in combination with other gut hormones to treat obesity, it is 

extremely important to ensure that this would not have a deleterious effect on glucose homeostasis. 

Islet function in response to HFD and Y242 treatment was therefore investigated using a novel imaging 

platform in the eye of mice that allows longitudinal assessment of calcium activity in the same 

pancreatic β-cells. This is, to my knowledge, the first experiment to assess in vivo islet function in 

response to chronic Y2R agonism using a direct readout of insulin secretion. HFD intervention 

increased body weight and caused glucose intolerance, and DIO models of hyperglycaemia in this 

C57Bl/6J strain are a good model of the diabetic phenotype that occurs as a result of glucolipotoxicity 

in metabolically unhealthy humans.  As a measure of islet function and coordinated insulin secretory 

behaviour, we measured calcium fluorescence in islets longitudinally.  For the first time we provide 

direct in vivo evidence of the effects of HFD-induced diabetes on islet function, as demonstrated by a 

reduced pan-islet calcium activity. Waveform analysis of calcium oscillations revealed a reduction in 

amplitude and in the duration of pulse waveform after diet intervention butY2R agonism did not 

restore calcium activity of islets in DIO mice. Y2R did not improve glucose tolerance, as we expected. 

However, it is equally important to note that Y242 did not worsen islet calcium readouts either, which 

supports its use in combination with other agents that may work on other elements of the metabolic 

syndrome.  In brief, if the anorectic effects of PYY are added to another element that better targets 

insulin secretion, this could be expected to be a successful combination. 

 

Importantly, Y2R is not expressed in pancreatic islets and, therefore, the effect of PYY3-36 on islet 

function is expected to be mainly indirect or via other Y-receptor. Islets transplanted into the eye are 

rapidly innervated but it is possible that the innervation does not mimic the pancreatic environment. 

In addition, PYY regulation of insulin secretion might depend on glucose levels and this would not be 

detected in the imaging experiment setting. Apart from addressing the dosing method and the 

ambient stress, future experiments should assess the combination of Y242 with other analogues that 

could potentially restore the islet function and support the Y242-mediated weight loss, such as GLP-1 

analogues.  
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In this work, we have not focused in the role of vagal Y2R in glucose homeostasis but my results 

showed that vagal Y2R disruption does not alter glucose tolerance. Moreover, global chemogenetic 

vagal afferent activation also did not have an effect in glucose tolerance. However, the fasting insulin 

and GSIS was not measured.  

 

In conclusion, we have developed a novel microsurgical technique that will now form an important 

part of our armamentarium of tools to help dissect the complex effects of the vagus nerve on the gut-

brain axis.  This is vital for the understanding of neuroendocrine and neuroimmune physiology as well 

as developing highly targeted and effective treatments for obesity and inflammatory gut conditions.  

My work showed that afferent vagus nerve activation can alter the immune landscape of the 

gastrointestinal tract.  This opens up a huge field of research to understand the mechanism underling 

the interaction between vagal afferents and immune cells, as well as if ENS or specific 

neuromodulators are involved. Vagus nerve modulation, pharmacologically or with electrodes, has 

huge therapeutic potential for obesity and beyond. This thesis provides more inroads into a better 

understanding of vagal function in order to realise that potential.  In brief, this work is the first to 

reveal that vagal afferent Y2R mediates the effect of low dose and endogenous PYY3-36 and that vagal 

activation by PYY3-36 has a role in short-term feeding regulation. Chronic treatment with a long-acting 

PYY3-36 analogue did not result in an improvement or worsening of the insulin-secretory failure that 

occurs with DIO and diabetes.  In completing this experiment, we have revealed the power of a novel 

imaging platform capable of longitudinally tracking individual islet function in response to 

environmental and pharmacological triggers, as well as confirming that the addition of a PYY-based 

agent to a combination gut-hormone based therapy should not be deleterious to the anti-diabetic 

goals.  Finally, we have shown that the application of the new techniques developed in my thesis are 

widespread.   
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Appendix I: Preparation of buffers and other 

reagents 

Anti-freeze solution (1 L): 

- 200 mL glycerol 

- 300 mL ethylene glycol 

- 400 mL 0.2M PBS 

Distilled water was added up to 1 L and mixed well before use. 

Phosphate buffer (0.06 M, 5 L, for radioimmunoassay): 

- 48 g Na2HPO4-H2O 

- 4.125 g KH2PO4 

- 18.25 g EDTA 

- 2.5 g sodium azide 

5 L of boiled distilled water was added, mixed and pH adjusted to 7.2. 

Phosphate-buffered saline (PBS, 0.2 M, 1 L): 

- 174 g NaCl 

- 5.44 g KH2PO4 

- 28.2 g Na2HPO4-H2O 

Distilled water was added to 1 L and mixed well on magnetic stirrer. To make 0.01 M PBS (2 L) 

from 0.2 M PBS, 100 mL of stock was diluted in 1900 mL of distilled water. 

Tris-Acetate EDTA (50X, 1 L): 

- 242 g Tris base 

- 57.1 mL acetate 

- 100 mL 0.5M sodium EDTA  

Distilled water was added to 1 L, mixed well on magnetic stirrer and pH adjusted to 8.5. To 

make 1X TAE (2 L) from 50X TAE stock, 40 mL of stock was diluted in 1960 mL of distilled water. 
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HEPES-buffered Krebs-ringer bicarbonate (500 mL): 

- 0.175 g KCl 

- 0.0815 g KH2PO4 

- 3.77 g NaCl 

- 0.216 g NaHCO3  

- 0.148 g MgSO4.7H2O 

- 0.132 g CaCl2.2H2O 

- 1.192 g HEPES 

- 0.5 g glucose 

Distilled sterile water was added to 0.5 L and mixed well and pH was adjusted to 7.4 by adding 

NaOH. 

 

DMEM + 1% P/S + 10% FBS 

· 5ml P/S into 500ml DMEM 

· 50ml FBS into ^^ 

 

50 mM KCl HEPES-buffered Krebs-ringer bicarbonate (500 mL): 

- 1.8638 g KCl 

- 0.0815 g KH2PO4 

- 2.3084 g NaCl 

- 0.216 g NaHCO3 

- 0.148 g MgSO4.7H2O  

- 0.132 g CaCl2.2H2O 

- 1.192 g HEPES 

- 0.5 g glucose  

Distilled sterile water was added to 0.5 L and mixed well and pH was adjusted to 7.4 by adding 

NaOH. 
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Appendix II: Genotyping 

Y2R floxed: 

 
 
 
Nav1.8-Cre: 
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