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Chapter One:
BACKGROUND

1.1	The large intestine: structure and function
1.1.1	General structure of the large intestine
In humans the large intestine begins at the ileo-caecal valve proximally and ends at the anal verge distally. It consists of the colon, rectum and anal canal. The colon itself comprises of the caecum and the ascending, transverse, descending and sigmoid parts of the colon. Reflecting embryological origins, the proximal colon comprises the caecum, ascending and proximal two-thirds of the transverse colon whereas the distal colon comprises the distal third of the transverse colon, the descending colon and the sigmoid colon. The rectum is continuous with the colon where a gradual transition between these two regions of the large intestine is observed. Although anatomically and functionally distinct, the colon and rectum have a similar microstructure and epithelial pathophysiology, hence these two regions are often referred together as the colorectum.
1.1.2	Colonic function
The colon is a dynamic organ that plays an important role in maintaining general health and well-being. Its functions go beyond the standard view that the colon is simply an organ that absorbs water and electrolytes whilst providing a conduit for the orderly disposal of the waste products of digestion. Although digestion and absorption primarily takes place in the upper gastrointestinal (GI) tract, the colon still plays a role in these processes. The colon salvages nutrients from complex carbohydrates that have proved resistant to digestion in the proximal intestine via bacterial fermentation. This process is carried out by members of the 400 or more species of bacteria that colonise the gut with short-chain fatty acids (SCFAs), the main products of the bacterial fermentation of fibre, playing an integral role in colonic health and disease (Hao and Lee, 2004).
1.1.3	Colonic microstructure
Colonic wall
[image: ]The colonic wall consists of the mucosa, submucosa, muscularis externa and serosa (see figure 1.1). The mucosa consists of the epithelium, lamina propria and muscularis mucosae. The lamina propria comprises of connective tissue that supports the epithelium by forming a specialised pericryptal myofibroblast sheath around each intestinal gland or crypt.
Figure 1.1: The colonic wall. This diagram illustrates the four main layers of the colon; the mucosa (consisting of the epithelium, lamina propria and muscularis mucosa), the submucosa, muscularis externa and the serosa. (Diagram modified from image from www.learnoncology.ca)

The muscularis mucosae, comprising of smooth muscle cells, forms the base of the mucosa. The submucosa is composed of loose connective tissue that contains blood vessels, lymphatics and nerves. The muscularis externa has an outer longitudinal and inner circular layer of smooth muscle. The longitudinal muscle fibres are aggregated to form the distinctive longitudinal bands or taeniae coli in the outermost layer of the colonic wall. These taeniae of the sigmoid colon gradually broaden to merge to give the rectum a continuous external longitudinal muscular coat (Sinnatamby, 2006).
Colonic epithelium and crypt organisation
The epithelial layer of the human colon consists of a single sheet of columnar epithelial cells, which form flask-like invaginations into the surrounding underlying connective tissue of the lamina propria to form the functional unit of the colon – the colonic crypt. Although the colonic epithelium is simple, being a monolayer, each cell is polarized with a basal and apical surface. There are six main differentiated cell types in the colonic epithelium; the absorptive cells (enterocytes) which are responsible for ion exchange, water resorption and other transepithelial transport functions, the mucous secreting goblet cells, the hormone secreting enteroendocrine cells (EECs), microfold (M) cells which overlay lymphoid follicles and play a role in antigen recognition, Paneth cells which play a role in host defence, and stem cells (Standring, 2008). 
All cell types within the crypt can be derived from a single stem cell – the so called ‘unitarian theory’ (Cheng and Leblond, 1974) and it is the stem cells that are ultimately responsible for cellular repopulation. The cells in the upper portion of the colonic crypt are the most differentiated and cannot proliferate. These differentiated cells are continuously shed into the lumen from the top of the crypt. High levels of cellular proliferation occurs in the transit-amplifying zone of the mid-crypt which continuously replaces the shed luminal cells. Further towards the base of the crypts are located the stem cells. They are surrounded by the stem cell niche, formed by the stem cells themselves, and the mesenchymal cells that surround the crypt base (see figure 1.2). These pericryptal myofibroblasts produce various ligands and growth factors that control the maintenance of the stem cell habitus and the behaviour, migration and differentiation of the stem cell population (Humphries and Wright, 2008). It appears that cancer can arise following loss of the strict control over proliferation and migration events within the colonic crypt.
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Figure 1.2: Schematic representation of the colonic crypt. Stem cells are located at the base of the crypt within the stem cell niche. The majority of cell proliferation takes place in the transit-amplifying zone of the mid-crypt with terminal differentiation usually occurring distal to this region. The proliferative index is the proportion of cells within the crypt that are undergoing cell division. (Diagram based on figure in review article by McDonald et al, 2006).

1.2	The enteroendocrine system
1.2.1   Overview
EECs, or gut endocrine cells, are specialised epithelial cells that represent only 1% of the total epithelial cell population in the GI tract yet their function is critical to digestive physiology. Although most endocrinology textbooks give GI hormones scant attention, despite the first hormonal pathway recognised being a GI hormone (Bayliss and Starling, 1902), the gut is the largest endocrine organ in the body producing over 30 different hormones (Ahlman and Nilsson, 2001).  
In recent years gut hormones have returned under the research spotlight following their association with the dramatic weight loss and diabetes remission seen following bariatric surgery (Holst, 2013). They have been implicated in the regulation of appetite, energy expenditure, glucose homeostasis and lipid metabolism, the local fine tuning of secretion, absorption, motility and mucosal cell proliferation, in addition to influencing the intestinal mucosal immune system (Wu et al., 2013, Drucker, 2016, Psichas et al., 2015, Worthington et al., 2018).
EECs can be regarded as primary chemoreceptors that are ideally situated to sense and respond to environmental, nutrient, and microbial signals by secreting one or more hormones, regulatory peptides or bioactive molecules that activate visceral afferents, adjacent cells or distant targets (Sternini et al., 2008, Drucker, 2016, Murray et al., 2006). It is also clear that, in addition to modulating the secretion of gut peptides, dietary components also modulate transcription and EEC differentiation, which ultimately modifies the gut hormone response (Moran-Ramos et al., 2012). The importance of EEC function is illustrated by loss-of-function mutations in the human neurogenin-3 (NEUROG3) gene, a rare congenital syndrome that presents with failure to thrive, malabsorptive diarrhoea and is characterised by marked pan-intestinal depletion of EEC populations (Wang et al., 2006).

1.2.2	The challenge of EEC research
EECs are difficult to study due to their sparse and irregular localisation in the gut epithelium  and as many of their actions are mediated locally via paracrine actions plasma levels of gut hormones do not appear to be helpful in assessing their role and mechanism of release (Raybould, 2010). Therefore the bulk of knowledge gained so far on EEC chemosensing has been gained via transformed cell line data, such as STC-1, GLUTag and BON cell lines. However, recent utilisation of EEC cells tagged with fluorescent protein in transgenic mice has enabled the isolation and study of native EECs, using patch clamping, dynamic calcium imaging and cell sorting techniques,  leading to considerable progress in understanding EEC function (Reimann et al., 2008). 
1.2.3	Classification of EECs
The enteroendocrine system is remarkably heterogenous, with at least 14 different EEC subtypes characterised (see table 1.1). EECs are traditionally classified based on their main hormonal products by immunhistochemical techniques – their ‘hormonal signature’ (Habib et al., 2012). 
	Cell type
	Localisation
	Hormone secreted
	Function

	G cell
	Stomach
	Gastrin
	Regulation of acid secretion

	P/D1 cell

	Stomach
	Ghrelin
	Stimulates appetite

	ECL cell
	Stomach
	Histamine

	Regulation of acid secretion

	F cell

	Pancreas
	Pancreatic polypeptide
	Regulates pancreatic secretion

	β cell

	Pancreas
	Insulin
	Regulates carbohydrate and lipid metabolism

	α cell
	Pancreas
	Glucagon
	Promotes gluconeogenesis and glycogenolysis

	K cell
	Proximal intestine 
	GIP

	Enhances insulin and gastric acid secretion, reduction of LPL activity in adipose tissue

	I cell
	Proximal intestine

	CCK
	Gallbladder contraction, stimulates pancreatic enzyme secretion, inhibits food intake

	S cell

	Proximal intestine
	Secretin
	Stimulates bicarbonate secretion, inhibits gastric acid secretion, colonic contraction  and motility

	M cell
	Proximal intestine
	Motilin
	Stimulates gut motility

	N cell
	Jejunum and ileum
	Neurotensin

	Gastric acid secretion, biliary secretion, mucosal growth

	EC cell
	Throughout GI tract

	5-HT
	Visceral sensation. Stimulates intestinal motility, secretion and appetite

	L cell
	Duodenum to rectum
	GLP-1, GLP-2, PYY, glicentin, oxyntomodulin
	Inhibits gastric acid secretion, gastric emptying and gut motility. Enhances insulin secretion

	D cell

	Throughout colon
	SST
	Major inhibitor of digestive exocrine and endocrine function



Table 1.1: EEC subtypes. This table summarises the typical location of EECs in the GI tract, the primary hormones they secrete and their function.


More recent studies have however challenged the traditional classification of EECs that have been based on immunohistochemical (IHC) characteristics, with increasing evidence that there is an overlap of EEC subtypes, with individual EEC types capable of exhibiting a spectrum of hormones, and therefore varying hormonal markers (Egerod et al., 2012, Habib et al., 2012, Grun et al., 2015, Drucker, 2016).
1.2.4   Structural features of EECs
[image: ]Although cellular morphology varies between subtypes, general features common to most EECs include an apical cytoplasmic process with microvilli that extend towards the luminal surface – so called ‘open cells,’ as opposed to the ‘closed cells’ that do not reach the lumen. EECs have basal processes that extend towards the adjacent epithelial cells (see figure 1.3), from which large dense-core vesicles (LDCVs) are exocytosed (Psichas et al., 2015). Basolaterally released gut hormones activate enteric, vagal and spinal sensory neurones via specific receptors on the nerve endings which lie in the mucosa and submucosa. Gut hormones can also enter the subepithelial space and act in a paracrine manner on neighbouring epithelial cells (Cox, 2007). 





Figure 1.3: Human colonic enterochromffin (EC) cell.  Immunohistochemical stain displaying microvilli and basal extension over an adjacent enterocyte.  x40 magnification.

EEC secretion is also under neural control, with the contents of EEC secretory vesicles being demonstrated to undergo exocytosis in response to cellular membrane depolarisation (Psichas et al., 2015). Intriguingly,  the anatomical relationship between connecting individual EECs and enteric neurons is now also thought to be more intimate than previously realised, with cytoplasmic projections from EECs – named neuropods – been shown to directly impinge on enteric neurons, enabling direct synaptic transmission between EECs and enteric nervous system (ENS) (Bohorquez et al., 2015).
1.2.5   Development and differentiation of EECs
The alternative names of EECs – ‘neuroendocrine’ or ‘APUD’ (amine precursor uptake and decarboxylation) cells reflect the previous understanding that EECs, given their expression of markers of neuronal differentiation and having similar ultrastructural properties common to neurons, were first thought to arise from the neural crest, and then to migrate to the gut (Pearse, 1969).  Further work has however clearly established that EECs are derived from the endoderm and not the neuroectoderm (Andrew et al., 1998). Certainly the original observations the EECs share features with neurons has assumed new significance following more recent developments that have demonstrated that gut endocrine differentiation is regulated in a similar fashion to neuronal cellular differentiation. As is also seen in the nervous system, and additionally in the immune system, the Notch signalling pathway plays a critical role in endocrine cell fate determination in the intestine (Fre et al., 2005). Another similarity with the nervous system is the relationship between the spatial orientation of EECs and their differentiation process (Sei et al., 2011).
The differentiation process and spatial orientation of EECs
As opposed to endocrine cells in other glands that differentiate early in life and turnover slowly, EECs actively self-renew and differentiate from a large reservoir of stem cells throughout life (Schonhoff et al., 2004). Cell-labelling kinetics, morphological and histological methods have demonstrated that the majority of EECs complete the differentiation process within the crypt and migrate up the crypt-villus axis as mature hormone-producing cells  (Cheng, 1974, Aiken et al., 1994, Roth and Gordon, 1990). On reaching the epithelial cuff at the luminal surface mature EECs then undergo apoptosis and are extruded into the lumen (Gordon and Hermiston, 1994). How stem cells are allocated to differentiate into EEC lineage is not completely understood although expression of stable reporter genes in transgenic mice have suggested that EECs differentiate from multipotential progenitor cells rather than individual precursors (Roth et al., 1990, Lopez et al., 1995). It is apparent that the lineage fate decision is made via the Notch signalling pathway which regulates the expression of basic helix-loop-helix (bHLH) factors that control terminal differentiation (Kageyama and Nakanishi, 1997). An  important function of Notch signalling is to prevent adjacent cells to the differentiating EEC from adopting the same cell fate – so called lateral inhibition (Artavanis-Tsakonas et al., 1999). Notch signalling is inactive in the differentiated ECC however these same cells activate Notch signals in neighbouring cells thereby blocking endocrine differentiation. This results in a singly dispersed distribution with the specialised EECs often lying in isolation from one another being interspersed by nonendocrine epithelial cells (see figure 1.4).
 Murine gene inactivation studies have identified important bHLH factors crucial for EEC differentiation (see figure 1.5). As in neuronal differentiation Math1, neurogenin3 (NGN3) and BETA2 are expressed sequentially during EEC differentiation, representing distinct stages in the differentiation pathway (Schonhoff et al., 2004). Math1 plays an important role in the specification of the secretory lineage (Yang et al., 2001) with NGN3 required for further differentiation into endocrine cell lineage-specific precursor cells. NGN3 expression is restricted to proliferating, immature cells in the intestinal crypts (Jenny et al., 2002).  
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Figure 1.4: Distribution of EECs in the colonic crypt. The scattered distribution of EECs amongst the major cell types of the colonic crypts are depicted in the illustration on the left. Immunohistochemical stained section of normal human colonic epithelium on the right reveals EEC marker Chromogranin-A (CgA) positive cells, also demonstrating their scattered distribution.
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Figure 1.5: Overview of ECC differentiation. Stem cells, located in the crypt bases, differentiate into all four cell types in the intestinal epithelium. Math 1 expression restricts cells to the secretory lineage whereas NGN3 restricts cells to the endocrine lineage. Transcriptional factors, such as BETA 2 and Pax regulate the transcription of specific hormones. Figure based on schematic in review article by (Schonhoff et al., 2004)

Indeed NGN3 has not been identified in cells expressing mature endocrine cell differentiation markers, indicating that it is transiently expressed and is switched off before terminal differentiation (Schwitzgebel et al., 2000). Downstream of NGN3, additional transcription factors control the terminal differentiation of EECs into mature non-proliferating endocrine cells. BETA2 is a regulator of secretin and cholecystokinin (CCK) (Mutoh et al., 1997) with the paired box homeodomain transcription factors Pax 4 and Pax 6 also implicated in endocrine cell differentiation in the GI tract. Pax 4 null mice lack serotonin (5-HT) and somatostatin (SST) in the gastric antrum in addition to most EEC types in the proximal intestine. Pax 6 is thought to be required for normal differentiation of glucagon-like peptide-1 (GLP-1) and glucagon-like peptide-2 (GLP-2) expressing cells in the distal intestine, gastrin and SST-secreting cells in the gastric antrum and gastric inhibitory polypeptide (GIP) secreting cells in the duodenum (Schonhoff et al., 2004). Additional key transcription factors that have been identified also include Gfi (Shroyer et al., 2005), Nkx2.2 (Desai et al., 2008)  and Sox9 (Formeister et al., 2009). 
It does appear that there is an added degree of complexity to EEC differentiation pathways. Studies have demonstrated alternative bidirectional pathways where multiple neuroendocrine products can be coexpressed in various combinations along the crypt-villus axis (Roth and Gordon, 1990, Aiken and Roth, 1992, Aiken et al., 1994). It has also been demonstrated that a small population of intestinal EECs migrate to the bottom of the crypt from around position +4 (ie. 4 cells up from the crypt base) (Bjerknes and Cheng, 1981) and reside in the Wnt-signalling active zone alongside the Lgr5+ stem cells and Paneth cells (Sei et al., 2011). This EEC subset expresses both stem and postmitotic mature endocrine cell markers with a different phenotype from the other EECs that migrate up towards the villus. High expression of Sox9 has been demonstrated in a subset of EEC that reside below position +4 that coexpress Chromogranin-A (CgA), an immunomarker for EECs (Formeister et al., 2009). 
With the distribution of EECs varying considerably along the GI tract it is also likely that differentiation pathways may also differ along the duodenal-colonic axis. IHC studies have further suggested that there are two distinct branches of EEC differentiation in the colon. The first EEC differentiation pathway produces substance P and 5-HT cells which do not colocalise with the human growth hormone (hGH) fusion gene. The second EEC differentiation pathway yields GLP-1, PYY, neurotensin and CCK which does colocalise with hGH. It is therefore likely that EEC phenotypes may be actively regulated by specific transcription factors that determine EEC subsets by controlling the specific coexpression of hormones and therefore EEC localisation within the crypt-villus axis.


1.2.6   EECs as luminal chemosensors
The role of EECs in recognising luminal nutrients causing release of their contents from secretory granules and thus resulting in the initiation of the varied functional responses listed in table 1.3 is gaining increased understanding and scientific interest (Raybould, 2010). Many of these responses result from the activation of intrinsic and extrinsic neuronal visceral afferent pathways with intrinsic and extrinsic sensory neurons mediating the effect of the gut hormones by expressing specific receptors for many of the gut hormones (Dockray, 2003). 
Recent work has demonstrated that EECs express several G-protein-coupled receptors (GPCRs) that are thought to play a crucial role in chemosensation (Reimann et al., 2012). The current understanding is that luminal contents activate GPCRs on EECs resulting in downstream signalling activation with elevated intracellular calcium ion concentration and enhanced peptide release. Released peptides may then enter the circulation to act in an endocrine manner, activate intrinsic and extrinsic (mainly vagal) afferent neurons or act locally in a paracrine or autocrine fashion. SCFA receptors have been found to be expressed by EECs in the colon. This is detailed later in this chapter (see section 1.6.2).
1.2.7   EEC distribution and function in the large intestine
Based on IHC and ultrastructural characterisation, there are three main types of EEC in the large intestine; enterochromaffin cells (EC), L-cells and D-cells. The features of these cells, the secretory peptides they release and the physiological effects of these peptides are summarised in tables 1.2 and 1.3. The distribution of colonic EECs varies from the right side of the colon to the rectum (Gunawardene et al., 2011) (see figure 1.6).




	Cell type
	Distribution
	Ultrastructural features
	Secretory granules
	IHC marker
	Secretory products

	

EC cell
	
Throughout GI tract, most common EEC subtype

	
Pyramid shaped, often has slender apical process that reaches luminal surface

	

150-500nm; pleomorphic 
	

CgA, 5-HT, Syn, TPH
	

5-HT

	



L cell
	
Duodenum to rectum, rare proximal to terminal ileum, greatest frequency in rectum

	
Bottle shaped often has apical process that reaches luminal surface, sometimes have basal process along basement membrane

	



200-400nm; round
	


PYY, GLP-1, GLP-2, oxyntomodulin, glicentin,
(CgA), (Syn)
	


PYY, GLP-1, GLP-2, oxyntomodulin, glicentin

	

D cell
	
Throughout GI tract, least common EEC in rectum

	
Spindle shaped, often with slender apical process and shorter wider basal extension
	


150-300nm; round
	


SST, (Syn)
	


SST



Table 1.2: Features of EECs found in the large intestine. This table summarises the three main EEC type found in the colon and rectum and their typical distribution, structural features, secretory products and corresponding immunomarkers.









	
Secretory peptide

	
Physiological actions

	
5-HT
	
Intestinal motility; propagation of MMCs; intestinal secretion; visceral sensation


	
SST
	
Major inhibitory hormone for digestive endocrine and exocrine function; influences colonic peristalsis


	
GLP-1
	
Stimulates insulin release (incretin effect); delays gastric emptying; inhibits gastric acid secretion; appetite suppression


	
GLP-2

	
Stimulates mucosal enterocyte proliferation; adaptive response to short bowel syndrome


	

PYY
	
Inhibits gastric emptying and intestinal motility; ileo-colonic brake; inhibits gastric acid secretion and pancreatic exocrine function; appetite suppression; stimulates mucosal enterocyte proliferation


	
Glicentin
	
Stimulates mucosal enterocyte proliferation, inhibits gastric emptying


	
Oxyntomodulin
	
Inhibits gastric emptying




Table 1.3: Secretory peptides of EECs of the large intestine. This table outlines the main functions of each of the hormones secreted by EECs found in the colon and rectum.
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Figure 1.6: Distribution of EEC subtypes in the colorectum. Adapted from review article (Gunawardene et al., 2011).
EC cells are the most abundant EEC of the GI tract from the gastric antrum to the rectum. The number of EC cells is fairly consistent along the length of the colon, however due to a rise in other EEC subtypes in the distal colon and rectum, the proportion of EC cells falls from 70% in the proximal colon to 40% in the rectum (Sjolund et al., 1983).  L-cells are uncommon proximal to the terminal ileum from where their frequency increases as one moves distally to peak in numbers in the rectum. D-cells are relatively uncommon, comprising of 3% of the EEC population overall, although they are scattered evenly throughout the colon (Gunawardene et al., 2011). 
1.2.8   Colonic EECs and their role in disease states
EEC dysfunction relating to various disease processes is acknowledged although is still poorly understood (Harrison et al., 2013). Reflecting the local paracrine and distant endocrine effects of EEC products, there is an increasing knowledge base that associates colonic EECs with various pathological processes - in both colonic and extra-colonic diseases. 
Colorectal neoplasia
The role that colonic EECs may play in colorectal adenocarcinoma is covered in section 1.5.9. Colorectal neuroendocrine tumours (NETs) are a group of uncommon, heterogenous neoplasms, traditionally referred to as carcinoid tumours, which arise from EECs. NETs arising from the colon and rectum have different clinic-pathological characteristics. EC cell NETs tend to occur in the right colon whereas L-cell type NETs are more likely to be found in the rectum. Right-sided colonic NETs have the worst prognosis and have often metastasized at presentation, whereas rectal NETs have a much better prognosis (Yao et al., 2008). Patients with localised NETs are usually treated surgically. However, approximately 40 % of NETs present with metastatic disease at diagnosis and therefore require systemic therapy (Modlin et al., 2008). Somatostatin analogues (SSAs), such as octreotide and lanreotide, were initially developed as antisecretory agents used primarily to palliate hormonal symptoms in metastatic NETs through activation of SST receptors (SSTR) 1,2 and 5 (Cives and Strosberg, 2015). The use of preoperative SSA infusions are also well established in the prevention of carcinoid crisis in patients with known carcinoid syndrome undergoing surgery (Kvols et al., 1985). There is also more recent data emerging to support the role of SSAs as antiproliferative agents with the multicentre randomised double-blind CLARINET trial demonstrating significant prolonged progression free survival in patients with metastatic SSTR+ve enteropancreatic NETs, although only 7% of the patients included in the trial had colorectal-NETs with the majority of study participants having pancreatic and midgut NETs (Caplin et al., 2014). EEC cancers do however remain difficult to treat and are often resistant to chemotherapy regimens. Progress is also limited in the understanding of EEC tumour pathogenesis at a molecular level that may better inform innovative target therapeutics in the future (Drucker, 2016).


Inflammatory bowel disease
The aetiology of inflammatory bowel disease (IBD) is not completely understood with limitations of available treatments. With an estimated 75% of the human body’s immune cells (ICs) present in the GI tract, with ICs  lying within close proximity to EECs (Zhang et al., 2012) and EEC hormone receptors expressed on numerous intestinal immune cells, there is increasing interest in EECs as orchestrators of intestinal inflammation (Worthington et al., 2018). Abnormal distribution of EECs and elevation of serum levels of EEC-secreted hormones have been demonstrated in patients and animal models of ulcerative colitis (UC), Crohn’s disease (CD) and lymphocytic colitis (El-Salhy et al., 2017a, Harrison et al., 2013). Although there have been conflicting reports in the literature, in general the cellular expression and secretion of CgA, 5-HT, GLP-1 and GLP-2 appear to increase in IBD, with the number of SST and PPY expressing cells shown to decrease in the colons of IBD patients (El-Salhy et al., 1997, Schmidt et al., 2005, Xiao et al., 2000, El-Salhy et al., 2017a). The EEC system as a target for IBD therapy has been explored, with antagonists of 5-HT receptors 5-HTR3 and 5-HTR7 having shown anti-inflammatory effects in rodent models of human IBD (Furusawa et al., 2013, Kim et al., 2013), and also with the intestinal specific inhibition of 5-HT production also showing promise in pre-clinical studies as a novel therapy for IBD (Levin and van den Brink, 2014).
Irritable bowel syndrome
With their close link to colonic function, its unsurprising that EECs are also thought to play a role in functional bowel disorders such as irritable bowel syndrome (IBS). IBS is a chronic, sometimes disabling, condition defined by symptoms (recurrent abdominal pain associated with bowel disturbance) in the absence of organic disease on routine testing (Ford et al., 2017). IBS is classified into diarrhoea-predominant IBS (IBS-D), constipation predominant IBS (IBS-C) and IBS with mix bowel habit, with the impaired bowel function arising mainly from the colon and to a lesser extent the small bowel. It is a disorder of the gut-brain interaction and is related to visceral hypersensitivity, motility disturbance, altered mucosal and immune function and altered gut microbiota (Mearin et al., 2016). 
While there are conflicting findings in the literature, mainly dependent on the method of measurement used and the subtype of IBS, several studies have reported pertubations in EEC expression in the colorectum and alterations in circulating levels of EEC hormones in IBS patients compared with controls (Camilleri, 2014) with colonic EEC populations returning to normal levels following treatment with a low FODMAP (fermentable oligosaccharides, disaccharides, monosaccharides and polyols) diet (Mazzawi et al., 2016).
Receptors to peptides secreted by EECs have also The EEC system has been a target for IBS pharmacotherapies. Stimulation of 5-HT3 receptors causes smooth muscle contraction, whereas stimulation of 5-HT4 receptors results in smooth muscle relaxation. A recent systematic review and meta-analysis found that 5-HT3 receptor antagonists, including alosetron, cilansetron, ramosetron and ondansetron improve IBS symptoms in non-constipated IBS, although such drugs are used in selective patients with severe IBS refractory to conventional therapy due to the rare risk of ischaemic colitis that has been reported with cilansetron and alosetron (Zheng et al., 2017). The 5-HT4 receptor agonist prucalopride reduces colonic transit time (Emmanuel et al., 2014) and has also been approved for the treatment of chronic idiopathic constipation (Omer and Quigley, 2017). While there has been more focus on 5-HT signalling and IBS, manipulation of SST receptors (see section 1.3.8) and GLP-1 receptors have also revealed potential in the treatment of IBS. A multicentre European trial investigating ROSE-010, a GLP-1 agonist, found it to be a fast and effective analgesic for IBS patients (Hellstrom et al., 2009) with a more recent study finding increased colonic transit time, particularly in the distal colon, in IBS-C patients treated with ROSE-010 (Camilleri et al., 2012). These findings are supported by the work of Li et al who observed decreased levels of serum GLP-1 with a downregulation in expression of GLP-1R in colonic mucosa of patients with IBS-C (Li et al., 2017).
Colonic diverticulitis
Patients with a history of colonic diverticulitis have also exhibited decreased 5-HT transporter (SERT) expression compared with healthy controls, with 5-HT thought to contribute to symptoms of disordered motility following an attack of diverticulitis (Costedio et al., 2008).
Extra-colonic diseases
GLP-1 and PYY are anorectic hormones that are implicated in appetite control with the greatest concentrations of GLP-1 and PYY found in the colon. They are released together following a meal to mediate post-prandial satiety (De Silva and Bloom, 2012). GLP-1 and PYY act in an endocrine fashion on the central nervous system (CNS) at the arcuate nucleus of the hypothalamus and in a paracrine fashion via the vagal-brainstem-hypothalamic pathway resulting in appetite suppression. GLP-1 also inhibits gastric emptying via a vagal afferent-mediated central mechanism (Imeryuz et al., 1997) with PYY also inhibiting gastric emptying and reducing intestinal transit in order to optimise food absorption via the ‘ileal brake’ mechanism (Van Citters and Lin, 1999). Bariatric surgery provides a stimulus to distal L-cells, with post-prandial profiles of GLP-1 and PYY significantly increasing following Roux-en-Y gastric bypass surgery. The increased satiety is therefore thought to contribute to the weight loss experienced by patients undergoing bariatric surgery (Vincent and le Roux, 2008). GLP-1 receptors agonists have been found to be effective for weight reduction, with the GLP-1 receptor agonist liraglutide approved in Europe and USA for the pharmacological management of obesity (Isaacs et al., 2016). The anti-obesity effects of PPY analogues have also been investigated in animal models and early clinical trials (Tan et al., 2017, Batterham et al., 2002, Cegla et al., 2015). 
There has been a comprehensive expansion in knowledge with regards the role of GLP-1 has in diabetes (Drucker, 2012). GLP-1 has an incretin effect, whereby it directly stimulates the synthesis and secretion of insulin from islet cells. It has been noted that colonic L-cell expression increases in type II diabetics compared with healthy participants (Jorsal et al., 2018). Advances in translational research have resulted in two new classes of drugs that reduce blood glucose levels being approved to treat type 2 diabetes; dipeptidyl peptidase 4 (DPP-4) inhibitors, that lower the degradation of circulating GLP-1, and GLP-1 receptor agonists (Thrasher, 2017, NICE, 2015). GLP-1 has also been found to exert important actions on the cardiovascular system, especially in diabetic patients, in whom it reduces the development and progression of cardiovascular complications (Tate et al., 2015).
Over recent years there has been increasing attention on the GLP-1 signalling pathway and the brain with GLP-1, and GLP-1 mimetic drugs, being found to have a neuroprotective and neurotrophic effect on brain. Interestingly, this has led to increasing work in animal models and in pre-clinical trials on new treatment strategies for neurodegerative disorders such as Alzheimer’s and Parkinson’s disease, through the gut-brain axis (Kim et al., 2017, Tramutola et al., 2017).
1.3	The colon as a sensory organ
1.3.1	Introduction: gut-brain communication
The interaction between the gut and the brain plays an important role in GI function. The concept that the gut and the brain are closely connected is also deeply rooted in our language with gut-brain signalling also thought to be involved in certain feeling states and intuition (James, 1884, Berntson et al., 2003, Mayer, 2011). This relationship was first described by Beaumont in 1833 following his studies of Alexis St. Martin, a man who had developed a gastro-cutaneous fistula following a gunshot to the abdomen. Beaumont observed that changes in the gastric mucosal colour, secretions and motility were affected by Alexis’ emotional state (Beaumont, 1977).  The importance of this interaction on the maintenance of normal homeostasis is emphasised when consideration is given to the size and complexity of the ENS, the extent of the intestinal surface area, the size of the population of commensal microorganisms that reside in the gut lumen, the number of immune cells present in the intestines in addition to the influence of the enteroendocrine system. Referred to as the “brain of the gut” (Goyal and Hirano, 1996), the human ENS comprises of between 200 and 600 million neurons - on par with the number of neurones found within the spinal cord (Furness, 2006). The intestinal surface area, approximately 100 times larger than the surface area of the skin (Gallo and Hooper, 2012), contains the largest population of commensal microorganisms from over 50 genera and hundreds of species with 100 times the number of genes than in the human genome (Kurokawa et al., 2007). The emerging biology of gut-brain crosstalk reveals a complex bidirectional communication system that ensures maintenance of GI homeostasis and digestion and also is likely to have various influences on higher cognitive functions, affect, motivation and intuitive decision making, with disturbance of this communication system implicated in a wide range of functional and inflammatory GI disorders, including obesity (Mayer, 2011). This includes top-down modulation of GI function by stress and emotions (Welgan et al., 1988, Khasar et al., 2008, Gopal et al., 2008), via the autonomic system (ANS), the hypothalamic-pituitary-adrenal axis, the sympatho-adrenal axis and the descending monoaminergic pathways (Furness and Costa, 1974, Jaenig, 2006) and bottom-up signalling from visceral afferents to the CNS. This thesis applies focus to mechanisms associated with bottom-up signalling, in particular the extrinsic spinal afferent pathway.
1.3.2	Innervation of the large intestine
Distal bowel function is modulated by two sources: the intrinsic and extrinsic nerves. The intrinsic innervation comprises of the ENS, consisting of neurones with cell bodies within the wall of the gut. The extrinsic innervation, on the other hand, comprises of the sympathetic and vagal-sacral parasympathetic tracts in addition to the extrinsic spinal sensory pathway. GI primary afferent neurons are divided into three subtypes (see figure 1.7). Intrinsic primary afferent neurons (IPANs) have cell bodies and connections that lie entirely within the gut wall. Extrinsic primary afferent neurons have cell bodies that lie within the vagal and dorsal spinal root ganglia. Viscerofugal neurons (nerve cells that project out of the gut wall to prevertebral sympathetic ganglia) represent the third subtype which act as interneurons between the enteric and sympathetic nervous systems.
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Figure 1.7:  Primary afferent neurons of the gastrointestinal tract. The IPANs are confined to the gut wall, with cell bodies in either the submucosal or myenteric plexus. Collaterals of the extrinsic vagal and spinal extrinsic primary afferents run in the enteric ganglia.  Cell bodies of the vagal primary afferent neurons lie in the nodose ganglia (NG) and those of the spinal afferents in the dorsal root ganglia (DRG). Viscerofugal neurons (VFN) have cell bodies that lie in the myenteric plexus with fibres that pass through to the sympathetic ganglia (SG) to then project back to the gut. Adapted from a review article (Holzer et al., 2001)


1.3.3	Intrinsic innervation – the enteric nervous system
The colonic ENS regulates and coordinates the activity of the colon via a complex system of neurons and glia that are organised into collections of ganglia and a network of nerve fibres and terminals that innervate the specialised effector cells of the gut wall. The ENS contains as many neurons as the spinal cord (Furness, 2012) and given its structural and neurochemical complexity has given rise to the term ‘brain-in-the-gut’ (Grundy et al., 2000).  The ENS utilises the same neurotransmitters as the CNS including acetycholine, substance P, neurokinin A, nitric oxide, adenosine triphosphate (ATP), vasoactive intestinal peptide and pituitary adenyl cyclase-activating peptide (Szmulowicz U, 2011). The ENS consists of IPANS, interneurons and excitatory and inhibitory motor neurons. Although the specialised ‘command’ intrinsic motor neurons receive input from the CNS via the vagal and splanchnic pathways, the integrated reflex microcircuits of the ENS allow it to regulate motility, endocrine secretion, mucosal transport and blood flow, independent of the CNS (Furness et al., 1995, Costa et al., 2000) . 
Throughout most of the gut, the ENS consists of intermeshed ganglionated plexuses which lie between the longitudinal and circular smooth muscle layers (the ‘myenteric’ or Auerbach’s plexus) and in the submucosal layer (the ‘submucosal’ or Meissner’s plexus). The submucosal plexus appears to be concerned with mucosal and vasomotor function whereas the myenteric plexus contains mainly motor neurons that project into the circular muscle layer therefore regulating motility.
IPANs are activated by the presence of nutrients in the gut lumen. Three types of stimuli can activate the reflex circuitry of the ENS; chemical composition of the luminal content, mechanical distension of the intestine and mechanical distortion of the mucosa (Bertrand et al., 1997, Furness et al., 1998). The nerve processes of these multipolar neurons branch in the lamina propria with axons extending into the gangionated plexuses supplying terminals to several other nerve cells including other IPANs, interneurons and motor neurons. Therefore the nerve terminals of the IPANs do not extend as far as the gut lumen. Instead EECs, with their apical surfaces exposed to the lumen, act as sensory transducers by releasing peptides from their basolateral surfaces. The intracellular signalling compounds then act in a paracrine fashion on the axonal processes that project into the lamina propria resulting in depolarisation of the IPANs and extrinsic primary afferent neurons. EECs are therefore essential transducers of the integrated reflex microcircuit in the gut.
Several populations of myenteric interneurons have been described (Costa et al., 1996). In the human colon the interneurons tend to have longer projections than motor neurons (Wattchow et al., 1995) and they synapse with other interneurons of the same class thus forming functional chains that can run for considerable distances along the gut, and are thereby responsible for the spatial spread of reflex activity along the colon. 
The viscerofugal neurons project out of the gut wall to the prevertebral sympathetic ganglia. Physiological studies confirm that viscerofugal neurons function as interneurons connecting the ENS with the sympathetic nervous system (Kuntz and Richins, 1946). In the distal bowel a proportion of these viscerofugal neurons project to the pelvic ganglia (PG), suggesting they may also activate the parasympathetic pathways (Luckensmeyer and Keast, 1996).
1.3.4	Extrinsic sympathetic nervous system
The sympathetic pathways exert a predominantly inhibitory effect on GI function (Aziz and Thompson, 1998). Although it provides a direct but sparse innervation of the smooth muscle itself, in the main the effect of the sympathetic pathway on motility is by indirect influence on the enteric neuronal circuitry (Brookes et al., 2009). Released noradrenaline, acting on alpha-2 adrenoreceptors, causes presynaptic inhibition on of the enteric circuits and therefore a ‘damping down’ of the enteric motor reflexes. 
The gut receives powerful input from neurons in the paravertebral and prevertebral sympathetic ganglia. Although the majority of paravertebral sympathetic neurons are concerned with blood flow, the prevertebral sympathetic neurons have three specific functions in the GI tract (Macrae et al., 1986); vasoconstriction of mesenteric and submucosal arteries and arterioles, the modulation of secretory activity via the submucosal plexus and influence on motility via the myenteric plexus. The sympathetic neurons synaptic drive is received from three major sources. Firstly the preganglionic neurons of the thoraco-lumbar spinal cord provide excitatory input from the CNS. Secondly, viscerofugal neurons provide specific input from the gut wall and thirdly are the collateral branches from the spinal sensory neurons which excite the prevertebral sympathetic neurons. With the spinal afferent neurons functioning as nociceptors, this enables activation of the sympathetic efferent pathway by noxious stimuli resulting in a tendency to slow down gut function.
1.3.5	Extrinsic parasympathetic nervous system
Whilst the upper GI tract receives powerful vagal parasympathetic efferent input, this extends only as far as the distal third of the transverse colon. These parasympathetic fibres reach the colon by following the colonic branches of the superior mesenteric artery (via the ileocolic and middle colic arteries). More distal colonic regions receive little or no innervation from the vagus nerve and instead receive input via the sacral parasympathetic pathways. These arise from the sacral parasympathetic nucleus (SPN), which projects out of the ventral roots of S2-S4 in humans, via the pelvic nerves (PNs), to the pelvic plexus ganglia - referred to as the inferior hypogastric plexus in humans (Brookes et al., 2009). The axons of the SPN either synapse with cholinergic parasympathetic efferent nerve cell bodies in the hypogastric plexus and then project to the gut wall or pass without synapsing via the PNs, hypogastric plexus and rectal nerves to the rectal wall (Olsson et al., 2006). 
Within the wall of the rectum the pelvic axons form thick bundles, sometimes known as ‘ascending nerves of the colon,’ that run proximally and distally, distributing the influence of the sacral parasympathetic pathways up and down the distal colon, exciting enteric neurones via nicotinic cholinergic synapses.  The parasympathetic system is responsible for the ‘rest and digest’ activities of the body and in the colon it has a role in colonic propulsion activity, in the pan-colonic activity that precedes defaecation  (Brookes et al., 2009). In addition there is growing evidence that the vagal afferents of the proximal colon are involved in nutrient sensing and regulation of appetite and glucose metabolism. 
1.3.6	Extrinsic sensory innervation of the colon
The proximal colon receives sensory afferents via the vagal nerve however the density of vagal sensory innervation decreases distally (Berthoud et al., 1997) and the majority of the distal colon is innervated by spinal afferent neurons alone, with cell bodies present in the lumbar and sacral dorsal root ganglia (DRG) (Olsson et al., 2006). It is the influence of SCFAs on this spinal afferent pathway which is the focus of chapter 5 of this thesis. The spinal afferent neurons travel in the thoracolumbar or sacral pathways (see figure 1.8). The cell bodies of the thoracolumbar afferent pathway lie in the spinal ganglia peaking at L2/L3. Their axons travel via the lumbar splanchnic nerves (LSNs), passing through the prevertebral sympathetic ganglia – mostly via the inferior mesenteric ganglia (IMG), before reaching the colonic wall via the lumbar colonic nerves. The cell bodies of the sacral afferents lie in the DRG of the sacral segments, peaking at S1/S2. Axons run via the sacral pelvic nerves (PNs), into the PG and into the gut wall via the rectal nerves. In the colonic wall the rectal nerves join the shunt fascicles and project for long distances proximally and distally. A proportion of lumbar colonic afferents run from the IMG into the hypogastric nerves and enter the distal gut wall also via the rectal nerves. Therefore rectal nerves contain mixed population of thoracolumbar and sacral afferents.
[image: ]Figure 1.8: Extrinsic sensory innervation of the distal colon and rectum. The distal bowel is innervated by the spinal afferent neurons with cell bodies in the lumbar and sacral dorsal root ganglia (DRG) forming two distinct pathways – the thoracolumbar  (blue line) and sacral afferent pathways (black line). Thoracolumbar axons reach the gut wall via lumbar splanchnic nerves, the inferior mesenteric ganglia (IMG) and then lumbar colonic nerves. Axons of the sacral pathway pass via pelvic nerves and pelvic ganglia (PG) to reach the gut wall as rectal nerves. The rectal nerves contain a mixed population of thoracolumbar and sacral afferents as some lumbar colonic afferents run from the IMG through the hypogastric nerves and into the distal gut wall within the rectal nerves. Adapted from article by (Kyloh et al., 2011)

1.3.7	Modulation of colon sensory excitability
Visceral afferents demonstrate a varied response to chemical and mechanical stimuli with excitability determined chiefly by the membrane voltage gated sodium (Nav) and potassium (Kv) channels. Nav channels mediate the rapid upstroke of the action potential that follows channel activation and depolarisation. Kv channels function to repolarise the cell membrane thereby limiting repetitive firing. Ligand gated channels, including transient receptor vallanoid (TRPV) channels, P2X receptors, 5-HT3 receptors and GPCRs, protease activated receptors (PARS), glutamate receptors, gamma amino butyric acid type B receptors (GABAB), gasotransmitters, including  nitric oxide and hydrogen sulphide, SSTRs, and the satiety hormones (GLP-1, CCK, leptin, and PYY) can all impact the function of these channels, either directly or indirectly and can influence the excitability of visceral afferents resulting in states of visceral  hypo- and hypersensitivity (Beyak, 2010). 
1.3.8	Influence of EEC hormones on colonic afferent sensitivity
The role that EECs may play in abdominal pain related to IBS were discussed in section 1.2.8. 5-HT receptors are present on colonic afferent nerves and 5-HT is known to increase afferent firing with its effect nearly completely attenuated by selective 5-HT3 receptor antagonists (Keating et al., 2008). 5-HT is also involved in the perception of colorectal distension with 5-HT3 antagonists shown to be effective in relieving visceral sensation in response to balloon distension (Spiller, 2002). 
Studies have also suggested SST signalling also influences visceral afferent sensitivity with octreotide and a SST2 receptor agonist both found to inhibit mesenteric afferent firing in a rodent model (Booth et al., 2001).  In addition, inhibition of the afferent response to rectal balloon distension had been demonstrated in IBS patients treated with octreotide (Hasler et al., 1994, Schwetz et al., 2004). Mice deficient in the SST2 gene also demonstrate hyperexcitability with enhanced responses to mechanical and chemical stimuli suggesting that endogenous SST may dampen the excitability of intestinal afferents (Rong et al., 2007). 
GLP-1 is known to directly augment vagal afferent activity (Drucker, 2006)  with emerging literature pointing to the importance of visceral vagal afferents in appetite suppression and glucose homeostasis (Abbot et al., 2005). Direct physiological recordings from hepatic afferents demonstrate an increase in firing rate in response to GLP-1 (Nishizawa et al.,2000) and preliminary work has demonstrated that GLP-1 increases the firing on extracellular recordings of jejunal afferents (Gaisano et al., 2009). Despite the majority of GLP-1 secreting L-cells residing in the lower GI tract, the direct effects of GLP-1 and PYY on colonic afferent firing remains to be investigated. Interestingly, a study from China has more recently reported that intraperitoneally administered exendin-4, a GLP-1 analogue, attenuates colonic hypersensitivity with a reduction in abdominal withdrawal reflex scores and electromyography signals in rats who had received the exendin-4 treatment compared with controls (Yang et al., 2014). 
1.3.9	Colorectal sensation and visceral pain
Although the colorectum has a rich afferent innervation, colorectal sensation remains a poorly understood topic. In the healthy colon, most physiological stimuli go unnoticed with activation of ‘true sensory fibres’ leading to fullness and the conscious awareness of rectal filling being crucial to the maintenance of continence. The role of colonic afferent nerves in colorectal diseases has been appreciated, with alteration in excitability or loss and impairment of colonic afferents observed in IBD, IBS and slow transit constipation (Brookes et al., 2009, Beyak, 2010).
Afferent nerve endings lie within the mucosa, muscularis propria and the serosa, in addition to the mesenteric Pacinian corpuscles (O’Brien, 1996). Recent studies have clearly demonstrated that LSN and PN colonic afferents transmit different patterns of information to the CNS, not only with regards the signalling of mechanical events but also in terms of signalling of chemical activation (Brierley et al., 2005). There are differences in sensory perception following colonic and rectal distension. Rectal-type sensation, which occurs with distension of the bowel wall up to 15cm from the anal verge, is referred to the rectum itself or the sacral region resulting in the desire to pass faeces or flatus. Above 15cm, the colonic-type sensation elicited by distension causes sensation in the lower abdomen perceived as ‘wind pain’ or colic (Goligher and Hughes, 1951). It is thought that rectal sensation may not be perceived unless distension elicits a contraction with in vivo magnetic resonance imaging (MRI) studies revealing more recently that colorectal distension results in a complex mechanical reaction in part due to the unpredictable geometry of the rectal wall (Frokjaer et al., 2005, Frokjaer et al., 2007). Pain, distension, mesenteric traction and noxious mucosal stimuli are discerned via the LSN afferents whereas the PN afferents are concerned with the sensation of rectal fullness and defaecation (Cook and Brookes, 2006). Recordings of the sensory outflow from the distal colon have revealed high threshold mechanosensitive afferents with stretch-sensitive transduction sites on intramural blood vessels (Song et al. 2009). These same intramural sensory nerve endings are also activated by strong contractions of the muscularis externa, thereby mediating the activation of pain pathways caused by intestinal spasm. In contrast, rectal nerve recordings have revealed a distinct population of low threshold mechanosensitive afferents that are exquisitely sensitive to distension and contraction of the surrounding muscle coat, properties that allow the detection of non-noxious distension of the rectum by faecal matter (Brookes et al., 2009).
Visceral pain sensation is modulated via rapidly conducting Aδ fibres, concerned with the more localised ‘discriminative’ pain, and unmyelinated  C fibres, that are associated with the more diffuse ‘affective-motivational’ pain  that convey sensory information towards the somatosensory cortex via the spinothalamic and spinoreticular tracts and the dorsal column of the spinal cord (Bharucha and Camilleri, 2007). Modulation of visceral sensation occurs at various levels. Spinal enteroenteric reflexes result in changes in the colonic smooth muscle tone which in turn leads to changes in the activation of afferent nerve endings in the bowl wall or mesentery (Parkman et al.,1993). Descending noradrenergic and serotinergic pathways, that arise from the reticular formation, hypothalamus and frontal cortex, project to the dorsal horn of the spinal cord where they modify noxious input from the visceral afferent nerves (Szmulowicz U, 2011). It is here, in the dorsal horn of the spinal cord, where visceral spinal afferent nerves intersect with somatic afferent nerves to produce the phenomenon of referred pain (Moore, 2010).
1.4	Short-chain fatty acids
1.4.1	Dietary fibre, SCFA production and absorption
Although the upper GI tract is primarily responsible for digestion and absorption, the colon also plays an important role in this process by salvaging nutrients, including complex carbohydrates such as dietary fibre that are resistant to digestion and absorption in the proximal intestine. Dietary fibre is such a nutrient, and can be categorised into two main types - soluble and insoluble and divided further into short-chain and long-chain carbohydrates, and fermentable or non-fermentable types (El-Salhy et al., 2017b). 
The colon is inhabited by over 400 species of bacteria, the majority of which are obligate anaerobes, existing in symbiosis with the human host during health (Roberfroid et al., 2010). Fermentation of mainly soluble fibre by the colonic bacterial flora produces SCFAs (see figure 1.9), which are 2-carbon to 5-carbon weak acids that represent the major anions in the mammalian large intestine (Szmulowicz U, 2011). 
SCFAs in the colon comprise principally of butyrate (20%), propionate (20%) and acetate (60%)  (Cummings et al., 1987) with the amount of SCFAs produced in the colon depending on the site of fermentation, the diet composition, gut transit time and the composition of the bacterial microenvironment. Bacterial fermentation of complex carbohydrates mainly occurs in the proximal colon with luminal concentrations of SCFAs decreasing more distally, with the mean total SCFA concentration in the human left colon being 80 mM compared with 131 mM in the caecum (Cummings et al., 1987). Of the three main SCFAs, an in vivo study in rodent colon demonstrated that concentrations of butyrate range from 0-33 mM,   acetate 0-58 mM and propionate 0-27mM across periods of starvation and refeeding (Topping and Clifton, 2001). In a human ex vivo study (4 hours post-mortem) concentrations of butyrate ranged from 14.7-24.5 mM, acetate 43.5-63.4 mM and propionate 14.2-26.7 mM (Cummings et al., 1987).
While numerous bacterial strains have been analysed for their SCFA-producing capabilities, Faecalibacterium prausnitzii and Eubacterium rectale/Roseburia have currently received the most attention as butyrogenic bacteria given that they also constitute almost 10% of total bacteria in faecal samples collected from healthy human volunteers (Louis and Flint, 2009). 
[image: ]Several mechanisms have been proposed to explain the uptake of SCFA across the apical membrane of the colonocyte.  These include direct diffusion of SCFAs in their undissociated lipid soluble form, the SCFA/HCO3 exchange mechanism and by active transport of the dissociated form by SCFA-transporters - monocarboxylate transporter 1 (MCT1) and sodium coupled monocarboxylate transporter (SMCT1). The SCFAs stimulate the absorption of luminal sodium and therefore water into the colonocyte thereby promoting an anti-diarrhoea effect (Stumpff, 2018). 
















Figure 1.9: Colonic SCFA production. SCFAs are a sub-group of fatty acids which are produced in the colon by the bacterial fermentation of dietary fibre such as starch, polysaccharides and oligosaccharides. The weak acids are absorbed and incorporated as the basic elements for mucin synthesis, lipogenesis, gluconeogenesis and protein production. In particular propionate is taken up by the liver and utilised in gluconeogenesis. Acetate is also used by the liver to form longer-chain fatty acids, however a significant amount enters the systemic circulation and reaches peripheral tissues. Butyrate acts as the primary energy source for the colonocyte.




1.4.2   SCFA receptors        
In 2003, SCFA receptors were identified from orphan GPCRs, specifically GPR41 and GPR43, now renamed as free fatty acid receptor-3 (FFAR3) and free fatty acid receptor-2 (FFRA2) respectively. In vitro, acetate preferentially activates FFAR2, propionate displays similar affinity for FFAR2 and FFAR3, with butyrate preferentially activating FFAR3 (Brown et al., 2003, Le Poul et al., 2003). The Kuwahara group in Japan have characterised the expression of FFAR2 and FFAR3 in the lower GI tract (Karaki et al., 2006, Karaki et al., 2008, Tazoe et al., 2009). These studies demonstrate that, in the human ascending colon, FFAR2 and FFAR3 are expressed, at both mRNA and protein level, in the mucosa only. IHC analysis has revealed FFAR2 and FFAR3 immunoreactivity occurs at low levels in the cytoplasm of all enterocytes, with higher intensity expression in open-type EECs in the crypt bases. The cellular expression of FFAR2 is higher than that of FFAR3 in the human colon.  Double staining has revealed that FFAR2 immunoreactive cells colocalise with all PYY-expressing EECs, with no colocalisation demonstrated with 5-HT expressing cells. Similarly, FFAR3 immunoreactive cells also colocalise with PYY-expressing EECs in the human and rat colon with no colocalisation of FFAR3 with FFAR2 and 5-HT in the epithelium. However in the rat colon colocalisation is noted between FFAR3 immunoreactive cells and 5-HT expressing mast cells in the lamina propria. More recently FFAR3 has been noted to be expressed in enteric cholinergic neurones in the rat proximal colon with FFAR3 also expressed in ganglia of the enteric and sensory nervous systems, ie. the submucosal ganglia, myenteric ganglia, DRG and nodose ganglia (Nohr et al., 2013, Nohr et al., 2015). However the physiological function of FFAR3 in these ganglia has not yet been described. Ussing chamber experiments in rat colon have demonstrated an anti-secretory function of SCFAs whereby cholinergic neural reflexes in the ENS were inhibited following FFAR3 activation with acetate and propionate (Kaji et al., 2011). FFAR3 has also been found to colocalise with the neuronal marker PGP9.5 in the wall of the rat portal vein, where it is proposed that propionate may act to regulate intestinal gluconeogenesis via the gut-brain axis (De Vadder et al., 2014). 
Overall these findings suggest that SCFA-induced physiological effects may be mediated by the activation of SCFA receptors in the gut. However further studies with selective ligands and new animal models are required to better define the role of FFAR2 and FFAR3 in the colon (Bolognini et al., 2016). 
1.4.3	The role of SCFAs in colonic physiology
[image: ]Short chain fatty acids can influence cellular activity through a variety of signalling pathways with butyrate, compared to other SCFAs, considered to have the most important physiological effects on the colonic mucosa (Mortensen and Clausen, 1996). The various functions of SCFAs are summarised in figure 1.10

Figure 1.10: SCFAs in health and disease. A summary of the multiple functions of SCFAs in colonic homeostasis and colorectal pathologies in which SCFAs have been implicated.
Butyrate is the major energy source for the colonocyte, supplying 70-90% of  its energy requirements, with the colonocytes receiving nutrients solely from luminal substrates and not from the bloodstream (Szmulowicz U, 2011). Butyrate also modulates several cellular processes essential for colonic homeostasis including; promoting the absorption of water, sodium and chloride from the colon (Hamer et al., 2008), supporting the mucosal barrier function by stimulating mucous secretion (Willemsen et al., 2003), increasing mucosal blood flow (Kvietys and Granger, 1981) and decreasing colonic epithelial permeability (Venkatraman et al., 2003).  Butyrate also acts as a signal metabolite influencing epithelial cell proliferation, differentiation and apoptosis (Boren et al., 2003). 
Previous studies have investigated the effect of SCFAs on the smooth muscle and neurons of the ENS and how SCFAs might regulate GI motility (Cherbut, 2003, Soret et al., 2010, Hurst et al., 2014). In the rat colon, acetate, propionate and butyrate releases 5-HT, which initiates or augments the peristaltic reflex (Grider and Piland, 2007). Propionate, for example, has been shown to cause the release of PYY and slow intestinal transit (Cherbut et al., 1998).  PYY is known as an important mediator of the ‘ileo-colonic brake,’ where unabsorbed nutrients in the lower GI tract trigger the inhibition of motility and secretion in the proximal intestine. It has been suggested that SCFAs within the colonic lumen may influence this process by stimulating the release of PYY from colonic L-cells (Tazoe et al., 2008, Cuche et al., 2000). An examination of the effects of luminal SCFAs on guinea pig colon suggests that luminal SCFAs have differing effects on proximal and distal colonic motility depending on chain length with the net effect of SCFAs on colonic motility likely to depend on the balance of luminal SCFAs (Hurst et al., 2014). 
Dietary supplementation with SCFAs has been shown to suppress food intake, reduce weight gain and improve glucose tolerance in rodent models of obesity (Yamashita et al., 2007, Gao et al., 2009) with butyrate and propionate shown to regulate GLP-1 and PYY release and increase the proliferation of colonic EECs (Kaji et al., 2011, Larraufie et al., 2018). In a recent randomised double-blind cross-over trial, luminal colonic infusions of SCFAs in obese male participants was found to increase fat oxidation, energy expenditure in addition to increasing fasting and postprandial circulating PYY levels (Canfora et al., 2017). Future intervention studies to assess the long-term impact on SCFAs on body weight control and glucose metabolism are required.
1.4.4	SCFAs and gastrointestinal diseases
The role of SCFAs in colorectal cancer (CRC) is outlined in section 1.5.8. A summary of colorectal pathologies in which SCFAs are implicated is found in figure 1.10.
Inflammatory bowel disease
Impaired butyrate metabolism has been implicated in IBD (Thibault et al., 2010) with a loss of butyrate-producing bacteria also found in faecal samples and mucosal biopsies of patients with active IBD (Wang et al., 2014). Anti-inflammatory effects of butyrate have also been demonstrated via inhibition of nuclear factor kappa B activation (Ogawa et al., 2003) and also by inducing differentiation of colonic regulatory T (Treg) cells which have a central role in the suppression of inflammation (Furusawa et al., 2013). 
With the suggestion that butyrate plays a major role in mucosal repair, possibly related to a nutritional effect accelerating aerobic metabolism and regulating epithelial cell proliferation (Butzner et al., 1996), this has prompted interest in the use of butyrate enemas in the treatment of distal ulcerative colitis (Hamer et al., 2010)  and diversion colitis (Luceri et al., 2016), in addition to a single study suggesting a benefit of butyrate enema treatment for chronic pouchitis (de Silva et al., 1989). A recent study on intensive care patients in Japan has also found that concentrations of faecal SCFAs in patients with systemic inflammatory response syndrome (SIRS) were significantly lower than those found in healthy volunteers over a 6-week period suggesting that SCFAs may have a therapeutic potential to help maintain gut mucosal integrity and prevent GI complications associate with critically unwell patients (Yamada et al., 2015). 
Anastomotic healing
There has also been interest in butyrate enemas in colorectal anastomotic healing, with luminal butyrate treatment increasing anastomotic bursting strength and reducing the incidence of anastomotic leakage in rat models (Bloemen et al., 2010, Bosmans et al., 2017b). This observation may be due to butyrate’s effect on enhancing epithelial cell integrity or even through increasing collagen synthesis and maturation. Several studies have indicated that butyrate increases the thickness of the colonic mucosal layer via alteration of mucin gene expression (Jung et al., 2015).  Bosmans et al suggest that anastomotic strength may be promoted by butyrate treatment as a result of its effect on the colonic mucus layer, given that recently a higher anastomotic leak rate has been demonstrated in mice with an insufficient colonic mucus layer (Muc2-/-) compared with controls (Bosmans et al., 2017a).
Irritable bowel syndrome
A recent meta-analysis of 14 randomised controlled trials (RCTs), including almost 1000 patients concluded that fibre supplementation, especially psyllium, was effective at improving global IBS symptoms compared with placebo (Moayyedi et al., 2014).
The different types of dietary fibre however exhibit marked differences in their chemical properties, and not all types of fibre are beneficial for patients with IBS. FODMAPs are soluble and highly fermentable fibres which can often result in rapid gas production which can lead to bloating and abdominal discomfort. Alternatively, soluble and moderately fermentable dietary fibre, such as psyllium, results in low gas production and less symptoms associated with excessive gas production (El-Salhy et al., 2017b).
Changes in faecal levels of SCFAs have been noted in IBS patients in vivo (Tana et al., 2010) with in vitro fermentation of fibre in patients with IBS-D also shown to produce less SCFA than controls with lower levels of acetate and propionate and elevated levels of butyrate found in patients with IBS-D (Treem et al., 1996). These differences suggest that alteration in SCFA concentrations may be related to the development of GI symptoms. It is not clear whether the abnormalities in SCFA levels observed in both IBS-D and IBS-C are cause or effect. At present it is also uncertain whether it is the altered concentration or composition of SCFAs that are responsible for the transit abnormalities observed in IBS patients or whether the alteration in SCFAs reflect the changes in colonic transit (Camilleri et al., 2016).
1.4.5	SCFAs: algesic or analgesic? 
In general, SCFAs are considered to be beneficial to colonic health. However controversy exists as to whether butyrate may cause colonic hypersensitivity (Kannampalli et al., 2011).  Butyrate enemas administered to rats over 3 days resulted in colonic hypersensitivity, with a sustained, does-dependant decrease in pain-threshold levels and referred cutaneous mechanical hyperalgesia (Bourdu et al., 2005). Use of this IBS model of non-inflammatory chronic colonic hypersensitivity has raised questions of the therapeutic benefit of dietary fibre and SCFAs in patients with IBS (Vera-Portocarrero LP et al., 2008, Lian B et al., 2010). However in a Dutch study, where physiologically relevant doses (50 and 100 mmol/L-1) of intraluminal butyrate were administered into the distal colon of healthy human subjects, a marked increase in compliance and reduced pain and discomfort was demonstrated, thereby suggesting a beneficial effect of butyrate in disorders characterised by visceral pain (Vanhoutvin et al., 2009).  An important factor may be the differences in butyrate concentrations used, with much higher doses used in the rodent models of IBS. When butyrate enemas at lower physiological doses (40 mM) were administered to rats a decrease in colonic pain thresholds in controls was observed, whereas a proprioceptive effect was seen at 240 mM concentrations (Tarrerias et al., 2002). 
There has been interest in the use of oral butyrate as a supplementary treatment for IBS.  Banasiewicz and colleagues performed a double-blind, randomized, placebo-controlled study in which 66 adult patients with IBS received microcapsulated butyric acid at a dose of 300 mg per day or placebo as an adjunct to standard therapy. At four weeks, there was a statistically significant decrease in the frequency of abdominal pain during defecation in the butyric acid group. In addition, at 12 weeks, there were further decreases in the frequency of spontaneous abdominal pain and postprandial abdominal pain (Banasiewicz et al., 2013). Oral administration of butyrate and a butyrate derivative has also been demonstrated to reduced visceral and neuropathic pain in mice with the effect blocked by glibenclamide, indicating that underpinning mechanisms of the analgesic effect may involve ATP-dependent K+ channels (Russo et al., 2016). 
1.5	Colorectal cancer
1.5.1	Overview
[bookmark: source1][bookmark: source2][bookmark: source3][bookmark: source4][bookmark: source5][bookmark: source6]Around 30,000 people are diagnosed with CRC each year in England and Wales where it is the second most common cause of cancer death in the UK, accounting for 10% of cancer deaths (NBOCA, 2017). The risk of developing CRC is defined by genetic predisposition and environmental factors. Age is the most important risk factor in sporadic CRC, with 90% of sporadic CRCs occurring in patients over the age of 50 years (Cappell, 2008).   Worldwide there were 1.24 million new cases diagnosed in 2008, with CRC incidence rates lowest in Middle Africa and highest in Australasia (Ferlay et al., 2010). The geographical variation in incidence across the world can be attributed to differences in diet and particularly the consumption of red and processed meat, fibre, folate and alcohol. Countries, such as Japan (Matsumura, 2001), who have adopted a rapid ‘westernisation’ of their diet have witnessed a sharp rise in the incidence of CRC (Center et al., 2009), with further epidemiological studies demonstrating a rapid increase in CRC risk in migrants moving from low to high risk countries (Boyle and Langman, 2000). Other risk factors include smoking, high body mass index (BMI) and physical inactivity. Sixty per cent of CRCs arise in the colon and 40% in the rectum, with a rectal cancer defined as a tumour within 15cm of the anal verge on rigid sigmoidoscopy (Bass, 1993).
Approximately 5% of all CRC are due to inherited genetic mutations. Of the remaining 95% that do not fall within the criteria of any inherited CRC syndrome, 20% have a positive family history which may reflect an inherited predisposition or common environmental factors (Power et al., 2010).
1.5.2	Colorectal carcinogenesis 
Discoveries over the last 25 years have enhanced our knowledge of the molecular biology of CRC. It is a heterogeneous disease with the phenotype of a colorectal neoplasm a result of multiple interacting genetic and molecular events that occur at different levels driving the initiation, promotion and progression of CRC. CRC is thought to arise from a malignancy-conferring mutation in a stem cell within a crypt (McDonald et al., 2006) which leads to a stepwise progression of genetic aberrations and activation of growth factor pathways resulting in the development of malignant tissue from adenomatous polyps (Fearon and Vogelstein, 1990). Three main CRC pathways that result in malignant transformation have been identified; the Chromosomal Instability Pathway (CIN), the CpG Island Methylator Phenotype (CIMP) pathway and the Microsatellite Instability pathway (MIS). These pathways are not mutually exclusive and some CRCs exhibit features of multiple pathways, however genomic instability plays an integral part in the transformation of normal colorectal mucosa into carcinoma (Al-Sohaily et al., 2012).
Chronic inflammation in the colon can also predispose to malignant transformation with aberrant regulation of prostaglandin signalling an early step in adenomatogenesis. Abnormal responses to inflammation are induced by mitogen-associated upregulation of cyclo-oxygenase-2 (COX-2), which is found to be expressed in the majority of adenomas and CRCs (Hao et al., 1999, Chapple et al., 2000). Inhibition of COX-2 by nonsteroidal anti-inflammatory drugs has been shown to prevent the formation of new, and regression in existing, adenomas (Markowitz, 2007).
1.5.3	Cancer in the crypt and the origins of the adenoma
Neoplasia can essentially be described as the dysregulation of self-renewal (Radtke and Clevers, 2005). As it is the stem cells that have the ability to self-renew it can therefore be assumed that cancer is a stem cell disease (McDonald et al., 2006). Compared to non-stem cells that leave the crypt within 5-7 days, stem cells are one of the few cell types that are sufficiently long-lived to acquire the necessary number of stepwise mutations to transform the normal cell to a malignant one. For the non-stem cell to survive carcinogenesis the mutation would have to alter proliferation, cell-to-cell adhesion and migration simultaneously, which although possible, is highly improbable (McDonald et al., 2006). Tumours contain stem cells themselves, called cancer stem cells (CSCs), which are thought to sustain and increase the tumour cell population via the stem cell pathway (Pinto and Clevers, 2005).
There is continued debate over the origins of colorectal adenomas (Preston et al., 2003). The conventional ‘bottom-up’ theory initiates when a stem cell that has acquired a mutation divides symmetrically resulting in a dysplastic progeny that expands upwards leading to the entire crypt being filled with dysplastic cells (Preston et al., 2003). The Vogelstein group however champion the "top down" theory where colorectal adenomas arise and grow across the mucosal surface then down into the crypts (Shih et al., 2001). In any case these mutated crypts then expand to form aberrant crypt foci (ACF), the earliest identifiable neoplastic lesion in the colon (Bird, 1987) via crypt fission - the longitudinal division of a single crypt into two daughter crypts (Greaves et al., 2006). When a whole crypt is colonised by dysplastic cells it forms a monocryptal adenoma (Nakamura and Kino, 1984), more recently defined as intraepithelial neoplasia (IEN) (Tannapfel et al., 2010).
1.5.4	The adenoma-carcinoma sequence
Most CRCs arise from pre-exiting adenomas. A model of the stepwise genetic aberrations leading to the progression of CRC from adenomatous polyps was first proposed by Fearon and Vogelstein (Fearon and Vogelstein, 1990) and is the main pathway for sporadic carcinogenesis in the colorectum, with approximately 80% of CRCs following this approach  (Moran et al., 2010). This transformation is understood to take 10-15 years, providing a therapeutic window to screen and remove these precursor and early malignant lesions. The time to progression is dependent on polyp characteristics; large size (≥10mm), multiple adenomas (≥3), adenomas with ≥25% villous change and adenomas with high grade dysplasia (Winawer et al., 2006) are associated with an increased malignant propensity. 
1.5.5	The molecular basis of colorectal cancer
Whilst Fearon & Vogelstein’s concept is still valid, new knowledge has evolved their model and lead to three molecular pathways being characterised; the Chromosomal Instability Pathway (CIN), the CpG Island Methylator Phenotype (CIMP) pathway and the Microsatellite Instability (MIN) pathway. The recently recognised sessile serrated adenomas (SSA) demonstrate distinct molecular and pathological changes not observed in traditional adenomas suggesting that they progress via different pathways (Patai et al., 2013) (see figure 1.11). 
The CIN pathway is the most common cause of genomic instability in CRC accounting for around 80% of all cases (Grady and Carethers, 2008). This pathway is associated with a mutation in the Adenomatous Polyposis Coli (APC) gene, a tumour suppressor gene located on chromosome 5q21, often associated with additional deletions on 5q,17p or 18q (Harrison and Benziger, 2011) and mutation of the K-RAS gene. 
The MSI pathway is closely related to the Mismatch Repair (MMR) system which recognises and repairs base-pair mismatches during DNA replication. A mutation which impairs the ability of the MMR system to correct these errors will therefore lead to MSI. 
In the CRC genome, aberrant methylation occurs in the CpG island rich promoter regions which results in loss of function of tumour suppressor genes, such as MLH1 (Wong et al., 2007). A  subgroup of loci appear to be aberrantly methylated together, a phenomenon known as CIMP pathway (Issa, 2004).
It was previously understood that there were only two types of colorectal polyps – adenomas and hyperplastic polyps, with the latter considered to be benign with no malignant potential. New findings have re-classified hyperplastic polyps into a heterogenous group of traditional serrated adenomas (TSAs), sessile serrated adenomas (SSAs) and true hyperplastic polyps (Farris et al., 2008). TSAs and SSAs progress via different pathways, with most carcinomas that arise from TSAs noted to be MSI-low and cancers arising from SSAs noted to be MSI-high. K-RAS mutations are found in 80% of TSAs but are rare in SSAs with SSAs characterised by BRAF mutations and extensive DNA methylation (Harrison and Benziger, 2011). 
1.5.6	Aberrant signalling pathways
Various cellular signally pathways, such as Wnt/β-catenin, transforming growth factor- β (TGF-β), Notch and Hedgehog (Hh), are activated or altered as a result of genetic dysregulation in CRC (see figure 1.11). Other pathways critical for the regulation of tumour growth include the epidermal growth factor receptor (EGFR) pathway, the VEGF pathway, the RAS/RAF/mitogen-activated protein kinase (MAPK) cascade and phosphoinositide 3'-kinase (PI3K)/Akt signaling pathways. EGF-R ligation results in trophic effects on intestinal epithelial cells, regulating cell growth, proliferation, survival, invasion, migration and even angiogenesis by activating the MAPK and PI3K pathways. EGFR is overexpressed in nearly 90% of cases of metastatic CRC, with this receptor signalling pathway providing a rationale therapeutic target. Anti-EGFR agents, such as cetuximab, have been developed and approved for adjuvant treatment of metastatic CRC, however as anti-EGFR antibodies are active in wild-type (WT) K-RAS tumours and not in mutant K-RAS tumours, the latter tumour types do not respond to anti-EGFR therapy (Chu, 2009).
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Figure 1.11: Genes, signalling pathways and growth factors that drive the colorectal carcinogenesis. Stepwise genetic aberrations involving tumour suppressor genes (green) and oncogenes (red) lead to the progression of CRC from adenomatous polyps. Three main molecular pathways have been characterised; microsatellite instability pathway (MSI), the CpG island methylator phenotype pathway (CIMP) and the chromosomal instability pathway (CIN). Inherited mutations in the APC gene are known to result in the autosomal dominant disorder familial adenomatous polyposis coli (FAP) which is characterised by the development of numerous adenomatous polyps in the GI tract. The Mutated in Colorectal Cancer (MCC) gene, also located on chromosome 5q, is commonly silenced in CRCs thorough promoter hypermethylation and has been identified as one of the ‘driver genes’ in a murine model of colorectal carcinogenesis (Starr et al., 2009). Loss of 17p is reported in 75% of CRCs but have not been observed in adenomas, suggesting that loss of this segment which contains the tumour suppressor gene p53, is a late event in colorectal carcinogenesis (Vogelstein et al., 1988). The long arm of chromosome 18 contains many candidate tumour suppressor genes including Deleted in Colorectal Cancer (DCC), which plays a role in cell adhesion and migration, and Smad2 and Smad4, which encode for transcription factors involved in the transforming growth factor-β (TGF-β) signalling pathway. Mutations of the proto-oncogene K-RAS are associated with progression of the adenoma-carcinoma sequence. RAS activation influences multiple cellular pathways which control growth, differentiation, survival, cytoskeletal organisation, cell motility and proliferation. Benign adenomas do not express mutated K-RAS, however increased expression is seen in dysplastic polyps with K-RAS mutations seen in over 50% of CRC cases (Harrison and Benziger, 2011). KRAS and BRAF are also associated with the serrated adenoma pathway. Aberrant cell signalling pathways and growth factors involved in initiation and driving disease progression also provide potential therapeutic targets. Genetic and epigenetic changes specific to metastasis have yet to be identified. 
(Diagram based on figure in review article by Markowitz, 2007)


1.5.7	Field cancerization
Based on the hypothesis first proposed by Slaughter following observations in the macroscopically normal field around oral squamous cell cancer (Slaughter et al., 1953), field cancerization (also termed field effects or field defect) is the presence of molecular alterations in histologically normal appearing tissue surrounding a neoplastic lesion, thereby representing a very early step in carcinogenesis. Although previously overlooked in CRC, when compared with malignancies from other sites such as in the head and neck, there is an emerging body of evidence demonstrating field effects surrounding macroscopic neoplastic lesions in the colorectum  (Jothy et al., 1996, Badvie et al., 2006, (Polley et al., 2006, Yu et al., 2011). Field cancerization in the colorectum may have implications for current practices as removal of adenomas may be inadequate for CRC prevention. 
1.5.8	SCFAs and colorectal cancer
Epidemiological studies have demonstrated a lower incidence of CRC in populations with a high dietary fibre intake (Peters et al., 2003, Park et al., 2005, Bingham et al., 2003). Butyrate has been shown to inhibit colorectal carcinogenesis, via regulation of cell cycle, apoptosis and angiogenic pathways, and is therefore thought to underwrite the chemoprotective effect of fibre (Bingham et al., 2003). In vitro studies indicate that physiologically relevant levels of butyrate cause cell cycle arrest, differentiation and apoptosis in a number of CRC cell lines (Yu et al., 2010). This effect is mediated by butyrate’s inhibition of histone deacetylases (HDACs). Inhibition of HDAC activity results in the downregulation of transcription factor Sp1binding and upregulation of Sp3 binding leading to an increase in p21 expression, ultimately causing cell cycle arrest (Davie, 2003) and an increase in Bak expression and apoptosis (Chirakkal et al., 2006). Recently, Cousin and colleagues have demonstrated a synergistic pro-apoptotic effect of SCFAs in combination with TNF-Related Apoptosis-Inducing Ligand (TRAIL), a well-known apoptosis inducer (Cousin et al., 2016).
Butyrate may also exert its anti-cancer effect via VEGF co-receptor NRP-1 (Yu et al., 2010). Recent work has also identified NRP-1 to be expressed in a subset of EECs, with NRP-1+ cells noted to be SCFA responsive. Patient data has also demonstrated that colonic CgA+  cell numbers are influenced by butyrate concentration (Yu et al., 2011). Therefore NRP-1 and EECs may play a pivotal role in the butyrate-mediated alteration of differentiation pathways and in the anti-CRC action of dietary fibre. 
1.5.9	EECs in colorectal adenocarcinoma
EEC differentiation in sporadic CRC is well recognised, however its clinical significance remains controversial. It appears that, despite the location of EECs in the colonic crypts, their function as luminal chemosensors and ability to secrete proliferative and pro-angiogenic factors, the role of EECs in colonic carcinogenesis is surprisingly under investigated (Kleist and Poetsch, 2015). 
One third of colorectal adenocarcinomas express differentiated EECs (Gulubova and Vlaykova, 2008). It has also been shown that a subset of EECs express VEGF, a proangiogenic factor know to be important in progression to neoplasia (Gulubova and Vlaykova, 2008). In addition, the secretory products of EECs, including 5-HT, PYY, glicentin and GLP-2, have been noted to enhance cellular proliferation of the epithelium. It has therefore been hypothesised that CRCs with an EEC component may possess a proliferative advantage, although results from studies comparing EEC expression with prognosis have been equivocal (Gunawardene et al., 2011). EEC numbers have also been suggested to act as promoters in neoplasia associated with IBD (Gledhill et al., 1986) and there has also been specific interest in the role that EEC precursor cells, with their stem-cell like properties, may have in colorectal carcinogenesis. In a mouse model, NGN3-expressing EEC precursor cells responded to abnormal Wnt signalling by the development of 5-HT-expressing adenomas in the small intestine (Wang et al., 2007) and a subset of colonic EECs have also been found to express the cancer-associated transcription factor Brachyury (Jezkova et al., 2016). 
It has been recognised that EEC numbers are altered in the vicinity of colonic neoplasia in humans (Yu et al., 2011) with a murine model of colorectal carcinogenesis also demonstrating a depletion in EEC population in malignant colonic epithelium (Novaes et al., 2016). Interestingly, in the latter study, Novaes and colleagues observed an inverse correlation between the frequency of ACF and EEC numbers and also a correlation with EEC population and intestinal motility in rats with malignant transformation of the colon. This findings offers a potential explanation as to why patients may report a change in bowel habit in early colorectal carcinogenesis. Furthermore, colonic EEC populations also observed to decline in the presence of a distant extra-intestinal tumour in a xenograft mouse model (Cho et al., 2008). This finding suggests that a distant tumour may cause a paraneoplastic effect by secreting a diffusible peptide that can alter the normal regulatory mechanisms for EEC proliferation, and hence offer an explanation of why patients with advanced malignancy, not directly involving the gut, can suffer from GI symptoms such as diarrhoea and constipation (Cho et al., 2008).
1.6	Neuropilin-1
1.6.1	Overview
NRP-1, and the related molecule neuropilin-2 (NRP-2), are transmembrane glycoproteins specific to vertebrates. Originally named A5, NRP-1 was first identified by Fujisawa and colleagues in 1987 (Takagi et al., 1987) when it was identified as an antigen to a monoclonal antibody which bound to neuronal cell-surface proteins in the optic tectum of Xenopus tadpoles. Initially characterized as a neuronal receptor for the class 3 semaphorins (SEMA3), a family of chemorepulsive guidance molecules that repel axons and collapse growth cones, NRP was found to play an essential role in axon growth and guidance.  Analysis of mouse chimeras of NRP-1-overexpressing and NRP-1-null mutant mice demonstrated that NRP-1 was essential for normal embryological development of the nervous and cardiovascular systems (Kitsukawa et al., 1995) (Kawasaki et al., 1999). A decade on from when NRP-1 was initially described, it was identified to be a receptor for specific members of the VEGF family of angiogenic cytokines, following which it soon became apparent that the NRP-1 had an important role in physiological and pathological angiogenesis (Staton et al., 2007). NRP-1 is now known to critically regulate cellular adhesion and migration in diverse cell types with NRP-1 interacting directly with multiple integrins to control cellular function and adhesion (Li et al., 2014).
Overexpression of NRP-1 enhances tumour growth, correlates with invasive growth and is associated with poor prognosis in tumours from the GI tract, prostate, lung, ovary and also gliomas, osteosarcomas and melanomas (Handa et al., 2000, Kawakami et al., 2002, Klagsbrun et al., 2002, Bagri et al., 2009). The contribution of NRP-1 and its ligands to tumour growth and metastasis has spurred a strong interest in NRP-1 antagonists used in combination with anti-VEGF-chemotherapy as novel anti-angiogenesis therapies (Geretti and Klagsbrun, 2007).  NRP-1’s role as a multi-functional co-receptor with an ability to bind with disparate ligand families has sparked new areas of research implicating NRPs in diverse biological functions including T-cell activation (Sarris et al., 2008) and viral infection (Jin et al., 2010).

1.6.2	Neuropilin-1 structure
NRP-1 is a 120-130 kDa multifunctional single pass transmembrane glycoprotein with identical domain structures, comprising of a large N-terminal extracellular domain, a short transmembrane domain and a small cytoplasmic domain (Pellet-Many et al., 2008). The NRP extracellular region is divided into three domains (see figure 1.12). Deletion analysis of the domains suggests that the a1/a2 and b1/b2 domains are involved in SEMA3 binding to NRP-1 and the b1/b2 is also involved the binding of VEGF165 (Gu et al., 2002). Presence of the a1/a2 domain, although not essential, enhances VEGF165 binding to NRP-1 (Pellet-Many et al., 2008). 
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Figure 1.12: NRP-1 structure. In humans, NRP-1 is located on chromosome 10. The NRP-1 domain structure comprises of a large N-terminal extracellular domain (835 aa), a short transmembrane domain (23 aa) and a small cytoplasmic domain (44 aa). The NRP-1 extracellular region is divided into three domains: (i) the a1/a2 (CUB) domain, which is homologous to complement proteins C1r and C1s, (ii) the b1/b2 domain, which is homologous to coagulation factors V and VIII and (iii) the c domain, which is homologous to meprin, A5 and receptor tyrosine phosphatase µ (hence designated MAM). The PDZ-domain binds the neuropilin interacting protein (NIP). Soluble NRP (sNRP), which contain the extracellular a1/a2 and b1/b2 domains, but lack the –c, transmembrane and cytoplasmic domains, function as natural NRP inhibitors. From a review article by Wild J et al, 2012.




1.6.3	Neuropilin co-receptors
NRP-1 functions as a co-receptor, binding to extracellular ligands with high affinity and complexing with other transmembrane receptors to form holoreceptors (Pellet-Many et al., 2008). NRP-1 has the unusual ability to bind with high affinity to multiple ligand families (see figure 1.13). It is well established that NRP-1 is a receptor for both SEMA3 and heparin-binding members of the VEGF family. Recent evidence has revealed that the NRP-1 may also act as a receptor for other growth factors in epithelial cells. 
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Figure 1.13: The multiple ligand families of the neuropilins. In addition to class III semaphorins and VEGF family, alternative NRP ligands have been discovered, reflecting NRP promiscuous binding and diverse biological roles. From review article by Wild J et al, 2012.



The semaphorins
The semaphorins are a large family of transmembrane and secreted proteins.  First identified as evolutionary conserved axon-guidance cues (Luo et al., 1993), semaphorins are now found to be widely expressed outside the nervous system. At present there are seven SEMA3s known, denoted SEMA3A-G (Chen et al., 1998). Most of the SEMA3s, with the exception of SEMA3E (Gu et al., 2005), bind to one of the two neuropilins or to both, with NRP-1 primarily responding to SEMA3A (also known as collapsin-1), whereas NRP-2 exhibits preferential binding to SEMA3F. SEMA3s also require interaction with members of the plexin family in order to signal.  Specific plexins; plexin-A1, -A2 (Takahashi and Strittmatter, 2001), -A3, -A4 (Yaron et al., 2005) and plexin-D1 (Gitler et al., 2004, Zhang et al., 2009) are known to form complexes with NRPs in order to transduce the SEMA3 signal, where the NRP serves as the binding receptor and the plexin as the signal-transducing element. It has been proposed that SEMA3A binding results in a 2:2:2 complex between SEMA3A, plexin-A1 and  NRP-1 (Antipenko et al., 2003) (see figure 1.14), with the association of plexin-A1 to NRP-1 known to increase the affinity of SEMA3A to NRP-1 (Neufeld and Kessler, 2008). 
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Figure 1.14: Class 3 semaphorin and NRP interaction and resulting downstream signalling. A: SEMA3A consists of a sema domain which interacts with the a1/a2 region of NRP-1 and the sema domain of plexin-A, an Ig-like domain and C-terminal base region which interact with the b1/b2 region of NRP-1. SEMA3A binding results in a 2:2:2 complex between SEMA3A, plexin-A1 and NRP-1. Type-A plexins form complexes with NRPs in order to transduce the SEMA3 signal, where the NRP serves as the binding receptor and the plexin as the signal-transducing element resulting in neuronal collapse. B: This is triggered by recruitment of Rnd1 to the cytoplasmic domain of plexin-A1. C: The plexin-A1 and Rnd1 interaction, which is antagonised by RhoD, results in activation of the plexin intracellular domain.    D: There is a shift in the balance of Rac and Rho activity towards actin depolymerisation, through the sequential activation of PAK, LIMK1 and cofilin. GSK3-dependent phosphorylation of CRMP2 results in the inhibition of microtubule assembly. SEMA3A-NRP signalling leads to the inhibition of ERK activation and cellular proliferation and inhibition of R-Ras-mediated integrin activation.

Plexin expression has also been reported in a wide range of epithelial tumours (Nguyen, 2006, Zhao et al., 2007, Wong et al., 2007, Kigel et al., 2008, Syed et al., 2005). SEMA3s exert chemorepulsive and anti-angiogenic activity in endothelial cells (Serini et al., 2009). In addition to inhibiting VEGF induced endothelial cell proliferation and migration by inhibiting the interaction between VEGF and NRP-1, SEMA3A and SEMA3F also influence vascular development and angiogenesis by inhibiting integrin-mediated adhesion of endothelial cells to the extracellular matrix and enabling the de-adhesion required for vascular remodelling (Serini et al., 2003) as well as by inducing endothelial cell apoptosis, with the combination of SEMA3A and SEMA3F demonstrating a synergistic effect at high concentrations (Guttmann-Raviv et al., 2007). It appears that there is a downregulation of SEMA3 expression with tumour progression (Plotkin et al., 2009, Staton et al., 2011) with SEMA3s characterised as inhibitors of tumour angiogenesis (Kessler et al., 2004, Bielenberg et al., 2004). 
Analysis of murine models of multistep carcinogenesis have revealed SEMA3A to be an endogenous antiangiogenic inhibitor that is present in premalignant lesions and is lost during disease progression where it is associated with an accelerated and chaotic tumour vasculature (Maione et al., 2009). This study demonstrates SEMA3A as an antiangiogenic and antitumour drug target where inhibiting endogenous SEMA3A during the angiogenic switch in a pancreatic tumour model enhances angiogenesis and tumour growth. 
VEGF and VEGF receptors
The process of angiogenesis, the formation of new blood vessels from pre-existing vessels, has been a target in several tumour types, with several biological agents that target VEGF pathway inhibition now part of the oncologists armamentarium (Jayson et al., 2016). Originally discovered as a potent ‘vascular permeability factor’ (VPF) (Senger et al., 1986), VEGF is a potent angiogenic, vasoactive molecule which increases vascular permeability and acts as a endothelial cell chemotactic, survival and proliferation factor (Bates and Harper, 2002, Jain, 2003). With their tyrosine kinase receptors, VEGF-receptor-1 (VEGFR-1), VEGF-receptor-2 (VEGFR-2) and  VEGF-receptor-3 (VEGFR-3), the VEGF family have a vital role in physiological and pathological angiogenesis (Staton et al., 2007). Of the multiple VEGF isoforms, VEGF121, VEGF165 and VEGF189 predominate, with VEGF165 the most abundant, active and studied (Staton et al., 2007). Overexpression of VEGF has been detected in almost all human cancers investigated and higher serum levels of VEGF correlate with advanced disease in colon cancer (Galizia et al., 2004, Takahashi et al., 1995) and poor prognosis in gastric cancer (Maeda et al., 1998). VEGF is also thought to act as an internal autocrine survival factor in NRP positive tumour cells (Lee et al., 2007, Barr et al., 2008) and as well as regulating angiogenesis, VEGF is considered a potent growth factor for epidermal tumours (Lichtenberger et al., 2010). 
Soker and colleagues (Soker et al., 1998) first described NRP-1 as a functional receptor for specific members of the VEGF family of angiogenesis factors (Gluzman-Poltorak et al., 2000). Unlike VEGFRs, NRP does not have a tyrosine-kinase domain and therefore acts a co-receptor for VEGF165. NRP-1 is therefore a co-receptor for VEGFR-2, with VEGF165 able to bind to both NRP-1 and VEGFR-2 simultaneously (see figure 1.15). Soker et al. demonstrated that co-expression of NRP-1 with VEGFR-2 enhanced VEGF165-mediated chemotaxis with NRP-1 enhancing both VEGFR-2 binding and bioactivity (Soker et al., 1998). 
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Figure 1.15: VEGF interaction with VEGF-R2 and NRP-1 and downstream signalling.  VEGF-A165 interacts with VEGF-R2 via the vascular homology domain (VDH) and with the b1 domain of NRP-1 via exons 7 and 8. Binding to the b2 region of NRP-1 contributes to optimal binding. Cellular proliferation, migration, survival and vascular permeability result via downstream signalling initiated by VEGR-2 tyrosine phosphorylation and activation of multiple phosphorylated signalling molecules. NIP participates in protein scaffolding to regulate actin cytoskeletal dynamics, cell migration, invasion and adhesion

Other ligands and co-receptors
Given their promiscuous binding and the suggestion that NRPs may interact with other heparin-binding proteins from outside the VEGF family more novel NRP ligands have been discovered (see figure 1.13). It is now known that NRPs bind to members of the fibroblast growth factor (FGF) family (FGF-1, FGF-2, FGF-4) (West et al., 2005) as well as galectin-1 (Hsieh et al., 2008), hepatocyte-growth factor/scatter factor (HGF/SF) (West et al., 2005, Hu et al., 2007, Matsushita et al., 2007), antithrombin III, prion protein (West et al., 2005), TGF-β1, and platelet-derived growth factor (PDGF) (Ball et al., 2010).
c-Met, a tyrosine kinase receptor that binds HGF (Jiang et al., 2005), also interacts with NRP-1. HGF/c-met signalling plays a vital role in the development and regeneration of several organ systems (Birchmeier et al., 2003) and regulation of endothelial cell survival, proliferation and migration (Ding et al., 2003). Recent studies have demonstrated that NRP-1 acts as a functional co-receptor for HGF, enhancing HGF/c-met binding and leading to increased tumour invasiveness (Hu et al., 2007, Matsushita et al., 2007, Sulpice et al., 2008) with NRP also been found to influence TGF-β1 signalling, with NRP-1 identified as a receptor for TGF-β1 promoting regulatory T-cell activity (Glinka and Prud'homme, 2008). TGF-β1 is established as a master regulator of epithelial mesenchymal transition (EMT) (Zavadil and Bottinger, 2005) with in vitro studies demonstrating TGF-β1 induction of EMT in certain types of cancer cells (Wendt et al., 2009). EMT is the process whereby molecular alterations to epithelial cells promote dysfunctional cell-cell adhesive interactions and junctions, thereby promoting cancer cell progression and invasion into the surrounding microenvironment (Kalluri and Weinberg, 2009). NRP’s role in EMT and also in organ fibrosis has attracted more interest of late, and it has been found that VEGF and NRP-1 directly promote EMT (Mak et al., 2010). In vitro work by Mak and colleagues led to the proposal that the VEGF/NRP-1 pathway may be regulated by the oestrogen receptor beta (ERβ1). Interaction of ERβ1 with its ligand 3β-Adiol represses hypoxia-inducible factor-1 (HIF-1) mediated VEGF-A transcription and therefore represses EMT via NRP-1. Small interfering RNA (siRNA) targeting of NRP-2 on CRC cells treated with pharmacological inhibitors of TGF-β1 type I receptor in vitro has also been shown to promote EMT (Grandclement et al., 2011). A role for NRP-1 in fibrosis has also been proposed, with NRP-1 found to enhance TGFβ1 and PDGF signalling in hepatic stellate cells, thereby promoting liver fibrosis (Cao et al., 2010). 
More recent work also demonstrated that NRPs are positive regulators of Hh signal transduction (Hillman et al., 2011). Hh signalling is critical during embryogenesis and also in the postnatal development of the GI tract, contributing to cellular differentiation, proliferation and maintenance (McMahon et al., 2003). Dysregulation of sonic hedgehog signalling (Shh), the best studied ligand of the Hh signalling pathway,  has been  implicated in the development of various cancers, including those of the oesophagus, stomach, pancreas, colon and kidney (Saqui-Salces and Merchant, 2010). There is evidence that Shh dysregulation is an early event in colon cancer carcinogenesis (Yoshikawa et al., 2009) and it has been shown that NRP-1 may be a target for Shh signalling (Hochman et al., 2006) with VEGF  under the transcriptional control of the Shh pathway (Dormoy et al., 2009). Cao et al.’s study also demonstrated that NRP-1 knockdown promotes renal cancer cell differentiation due in part to an inability to express Shh (Cao et al., 2008). Targeting Shh in cancer therapy, including metastatic colon cancer, is now the focus of Phase II clinical trials (De Smaele et al., 2010). In the normal colon Shh is expressed at the base of the crypts (Oniscu et al., 2004), which is also where NRP-1 expression has been noted (Yu et al., 2011). HGF, FGF and FGFR and TGF-α are also expressed in normal colonic epithelium, with intestinal endocrine cells expressing FGF and TGF-α. These studies suggest the NRPs have functions independent of their conventional ligands and it is anticipated the NRPs may have a far wider spectrum of activity than is currently appreciated.

1.6.4	Expression and function of neuropilins in the colon
Initial work demonstrating NRP-1 expression (Hansel et al., 2004, Parikh et al., 2003, Parikh et al., 2004) and NRP-2 expression (Cohen, 2001) in the normal and neoplastic epithelium have provided a platform on which a number of studies investigating NRP’s role in the GI tract have emerged. Furthermore, expression of NRP’s co-receptors and ligands, especially VEGF, has been demonstrated in almost all digestive tract carcinomas (Brown et al., 1993).
Both NRP-1 and NRP-2 are expressed in normal colonic epithelium at both mRNA and protein level (Cohen, 2001, Hansel et al., 2004). In non-neoplastic colonic epithelium, focal expression of NRP-1 and NRP-2 has been demonstrated predominantly at the lateral and apical surfaces of the colonic crypts with the distribution and morphology of NRP positive cells in normal colon and appendix thought to mirror that of EECs. IHC analyses have, however, demonstrated partial colocalisation of NRP-1 (Yu et al., 2011) and NRP-2 (Cohen, 2001) with cells that express CgA. Interestingly, Gulubova et al. have demonstrated that CgA positive endocrine cells in the crypts of normal colonic epithelium contain VEGF in their granules and go on to suggest that VEGF may have a role in the maintenance and control of the permeability of the capillary system around the mucosal glands (Gulubova and Vlaykova, 2008).  Away from the colonic epithelium, Hamaji and colleagues, utilising smooth muscle cell (SMC) specific NRP-1 knockout mice, have suggested that NRP-1 may play a role in GI motility, with mice deficient in SMC-specific NRP-1 found to have a significant reduction in colonic length, thinning of colonic smooth muscle and decreased contractility (Yamaji et al., 2015). 

1.6.5	Neuropilins in colorectal cancer
NRP-1 is expressed in human colon adenocarcinoma (Parikh et al., 2004, Ochiumi et al., 2006, Kamiya et al., 2006). This was first reported by Parikh et al. who demonstrated with IHC staining that the NRP-1 protein was expressed in all 20 adenocarcinoma specimens studied (Parikh et al., 2004). Immunofluorescent (IF) double staining for NRP-1 and CK-22 (an epithelial cell marker) confirmed NRP-1 expression was localised to the epithelium. This study also showed that overexpression of NRP-1 in human colon adenocarcinoma cells led to a significant increase in tumour growth and tumour vessel count in transfected mice, suggesting that NRP-1 is associated with growth and development of colon adenocarcinoma as well as angiogenesis in vivo. Studies have demonstrated that the intensity and area of NRP-1 expression increases with histological progression from high-grade dysplasia to invasive carcinoma (Hansel et al., 2004, Staton et al., 2013). However further IHC analysis of NRP-1 in normal and adenomatous tissue has revealed a profound difference in expression pattern. Staining changed from higher intensity in singly dispersed cells in the normal tissue to lower intensity staining in large sections of epithelial cells in adenomas, suggesting NRP-1 is dysregulated early in the adenoma-carcinoma sequence (Yu et al., 2011, Staton et al., 2013). High levels of NRP-1 staining in human colorectal carcinoma tissues has been associated with increased proliferation and decreased apoptosis, suggesting that NRP-1 may protect cancer cells from apoptosis (Ochiumi et al., 2006). Increased NRP-1 expression correlates with progression to metastatic disease and prognosis (Ochiumi et al., 2006), suggesting that NRP-1 expression may aid the identification of patients who would benefit from adjuvant chemotherapy. Although these studies provide strong evidence for NRP-1 expression being elevated in colon carcinoma, there is a single contrary report indicating that preserved expression of NRP-1 may be associated with a better prognosis (Kamiya et al., 2006). This association however fails to reach statistical significance and was not independent of disease stage. 
Using immunoperoxidase staining, Gray et al. demonstrated that NRP-2 expression was elevated in most of the human primary and metastatic colon cancer specimens tested compared with normal colonic mucosa. Inhibition of NRP-2 with short hairpin RNA (shRNA) led to a decrease in the phosphorylation and activation of VEGFR-1 in CRC cells with a reduction of anchorage independent growth, motility, invasiveness and survival of tumour cells (Gray et al., 2008).  The population of NRP-2 expressing cells in the normal colon coincides with a subpopulation of 5-HT producing EECs, with a complete loss of NRP-2 expression in EECs derived from carcinoid tumours of the colon, rectum and appendix, despite the tumour cells maintaining their ability to produce and excrete 5-HT (Cohen, 2001). This led to speculation that the loss of NRP-2 may aid the development of carcinoid tumours, with the NRP-2 ligand and tumour suppressor SEMA3F potentially playing an inhibitory role in tumour development. Staton and colleagues also observed NRP-2 expression in singly dispersed cells in the normal background mucosa in 35% of colonic specimens with increased expression along the adenoma-carcinoma sequence. In this study, in contrast to NRP-1, NRP-2 was found not to correspond with microvessel density, suggesting differential roles for neuropilins in the angiogenic process during CRC development.
Haixia et al. (Haixia et al., 2010) demonstrated mRNA expression of NRP-1, VEGF and SEMA3A in colorectal adenocarcinoma cell lines, with increased ratio of expression of VEGF/SEMA3a ratio when compared to other tumour cell lines. A reduction of SEMA3B mRNA in colorectal carcinomas compared with normal tissue has been reported (Pronina et al., 2009). Reports suggest that SEMA3A may contribute to the progression of colon cancer (Nguyen, 2006, Muller et al., 2007). This may be explained by the interaction of SEMA3A and VEGF, with the dysregulation of SEMA3A expression causing VEGF-driven growth of cancer cells (Catalano et al., 2004). The dysregulation of SEMA3 appears to occur as an early event in colorectal carcinogenesis with Graf et al, having noted a marked loss of noradrenergic and sensory fibres in colorectal adenomas, recently demonstrating that this was accompanied by a marked upregulation of the nerve repellent SEMA3A and SEMA3F (Graf et al., 2011). Positive cytoplasmic staining for both SEMA3A and SEMA3F was present in the epithelial cells of the intercrypt area of tumour free control mucosa with approximately 20% of crypts deemed positive for SEMA3F and less than 5% positive for SEMA3A. The level of expression increased to approximately 75% and 8% of crypts for SEMA3F and SEMA3A respectively in adenomas (Graf et al., 2011).
Although angiogenesis inhibitors targeting the VEGF/VEGF-R pathway, such as bevicuzimab and aflibercept, have shown efficacy in combination with cytotoxic agents in the setting of metastatic disease and are approved by the Food and Drug Administration (FDA) in the USA, they are currently not approved by the National Institute of Clinical Excellence (NICE) in the UK (Jayson et al., 2016, Gollins et al., 2017) due to only a modest survival benefit demonstrated in clinical trials. This is thought to be due to the development of resistance to therapies with several mechanisms of re escape from VEGF/VEGF-R targeted angiogenesis therapies having been identified (Bergers and Hanahan, 2008). There is increasing evidence that NRP-1 is a critical molecule involved in the evasive adaption of CRC cells following VEGF/VEGFR inhibition. Previous work using murine tumour models found that blocking NRP-1 disrupts remodelling of developing vasculature and further reduces tumour growth, suggesting that NRP-1 antibodies may render tumours more responsive to anti-VEGF therapy (Pan et al., 2007). Tomida et al also recently found that inhibition of VEGF-R in CRC cells can drive EMT and cell motility in an NRP-1-dependent manner (Tomida et al., 2017). The potential enhanced antiangiogenic effect of MNRP1685A, a human monoclonal antibody directed against NRP-1, as a single agent and in combination with anti-VEGF therapies, has been under phase I trials in patients with advanced solid tumours, however significant proteinuria in the patient group receiving combined agents was found to be an adverse effect (Xin et al., 2012b, Xin et al., 2012a, Weekes et al., 2014). Interestingly, post hoc analysis of data from a recent phase II RCT comparing anti-VEGF agents in stage IV CRC has revealed that patients with low serum NRP-1 had prolonged disease-free survival thereby suggesting NRP-1 as a potential predictive biomarker to aid selection of patients for anti-VEGF therapy (Benson et al., 2016). 
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1.7	Hypothesis and Aims of thesis
There is increasing interest in the influence of colonic microbiota on host homeostasis with dysbiosis causing host disease (Aziz et al., 2013). One underlying mechanism is via the microbial metabolome with colonic-microbial metabolite-host interaction modulating the host cellular function. SCFAs are considered to be one of the chemical mediators to link nutrient status and microbiota with the host through SCFA receptors expressed by colonic EECs.  Certainly, compared with the interest shown in EECs by obesity and diabetes, the EEC system has been overlooked by gastroenterologists and researchers concerned with colorectal pathologies such as CRC, IBD, IBS and constipation and further understanding of the mechanisms that determine generation, proliferation and plasticity of EEC populations hold therapeutic promise.
Increasing evidence links SCFAs with a reduced risk of CRC with observations that SCFAs may also influence visceral sensation. Despite EECs ability to secrete proliferative and pro-angiogenic factors and their influence on gut innervation, the role of EECs and specifically their interaction with SCFAs in colonic carcinogenesis and colonic afferent neuronal sensitivity is under-investigated with underlying mechanisms poorly understood. Recent work suggests that the SCFA butyrate may exert is anti-cancer effect via modulation of NRP-1, essential for axonal growth and guidance and for both physiological and pathological angiogenesis, with NRP-1 also been found to be expressed in an unidentifed subset of colonic EECs. While NRP-1 has been extensively studies for its role in neurogenesis and angiogenesis, its potential contribution to the epithelium has not been investigated extensively.

 I therefore hypothesised that NRP-1 is expressed by the colonic enteroendocrine L-cell and that EEC numbers are altered in colorectal neoplasia with SCFAs influencing colonic EEC expression. I also hypothesised that SCFAs influence colonic afferent nerve sensitivity.

The main aims of this thesis are to:
1.	Identify the EEC subtype that expresses NRP-1.
2.	Investigate EEC expression and its relationship with SCFA levels in both the normal 
            and neoplastic colonic epithelium. 
3.	Investigate the influence of SCFAs on colonic afferent sensitivity.

This thesis will provide further insights into how SCFAs can affect colonic physiology and disease by enhancing our understanding of the role of the enteroendocrine system and the influence of dietary fibre, the substrate for SCFA production, in colorectal neoplasia and visceral sensation.





Chapter Two:
EXPRESSION OF NRP-1 IN THE NORMAL COLONIC EPITHELIUM

2.1	Introduction
IHC analysis has identified NRP-1 expression in singly dispersed colonic epithelial cells (Hansel et al., 2004) (Ochiumi et al., 2006), with a similar distribution to that of VEGF (Gulubova and Vlaykova, 2008). NRP-1+ cells are also expressed in a small subset of cells that express CgA, a marker of some, but not all, EECs (Yu et al., 2011). Indeed fewer than 10% of CgA+ cells express NRP-1 and fewer than 20% of NRP+ cells express CgA. Given the distribution and morphology of NRP-1+ cells, it may therefore be that NRP-1 is expressed by EECs that do not express CgA, a finding that is supported by the recognition that CgA may be non-reactive to some L and D-cells (Portela-Gomes et al., 1997). 
2.2 Hypothesis and Aims
As NRP-1+ cells have been shown to be responsive to SCFAs, and L-cells are known to express SCFA receptors, I hypothesised that NRP-1 is expressed by colonic L cells. In order to test this hypothesis, the aim for this experiment was to perform an IHC colocalisation analysis using an anti-NRP-1 antibody and antibody markers for L- and D-cell subtypes known to present in the lower GI tract.


2.3	Methods
2.3.1	Human colonic biopsies
In order to determine the EEC type expressing NRP-1, an IHC colocalisation analysis was performed on archived formalin fixed colonic tissue previously obtained as part of an existing study investigating the association of dietary fibre and colon carcinogenesis – the FACT study (Corfe et al., 2009). Ethical approval was gained from the North Sheffield Research and Ethics Committee (Ref: 06/Q2308/93). Two colonic biopsies were obtained from the macroscopically normal mid-sigmoid in male patients undergoing routine diagnostic lower GI endoscopy. All patients had received mechanical bowel preparation (MBP). The FACT study included male patients, aged over 40 years of age with normal BMI in order to avoid confounding factors such as menstrual status and oral contraceptive pill usage.  Age restriction was chosen to reduce the risk of including individuals with hereditary forms of CRC. Patients with a past medical history of diabetes mellitus, IBD, female patients and smokers were excluded. Biopsies were taken with Radial Jaw 4 2.8mm forceps (Boston Scientific, UK), fixed in formalin and then paraffin embedded before 2-3µm serial sections cut. The sections had been previously stained with haemotoxylin and eosin (H&E) and examined by a consultant pathologist to ensure the epithelium was non-neoplastic.
2.3.2	Immunomarkers of colonic L- and D-cell subtypes
A series of IHC studies have previously demonstrated localisation of pro-glucagon derived peptides (PGDPs) and PYY to intestinal L cells (Bottcher et al., 1984, Fiocca et al., 1987), therefore any of the PGDPs, such as GLP-1 or PYY, are suitable markers for colonic L-cells. Within the GI tract, SST immunorectivity occurs within the muscular layers, where it colocalises with the myenteric plexus, and within the mucosa, where is colocalises with D-cells. SST is therefore a suitable specific marker for intestinal D-cells (Penman et al., 1983).
2.3.3	Strategy to demonstrate colocalisation 
IHC protocols were developed for the anti-NRP-1 antibody and antibody markers for GLP-1, PYY and SST. Two candidate markers for the colonic L-cell (GLP-1 and PYY) were investigated and the IHC protocol which provided the optimal staining of the two was selected for use in the colocalisation study. IHC protocols and the quality of staining were approved by a consultant histopathologist.
Biopsies from the mid-sigmoid in twenty patients were used. Staining of serial (adjacent) sections from two separate mid-sigmoid biopsies per patient for GLP-1, NRP-1 and SST was then performed (see figure 2.1). 
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Figure 2.1: Serial sections. Schematic summary of FFPE serial sections of colonic biopsies stained for GLP-1 and SST either side of section stained for NRP-1 in two series of serial sections per patient. This was performed in biopsies from the normal mid-sigmoid colon in 20 patients. 


Antibodies used were suitable for application on both human and murine tissue, therefore FFPE sections of C57BL/6 mouse brain (for NRP-1) and pancreas (for GLP-1 and SST), obtained courtesy of Chris Keating (University of Sheffield), were used as positive controls. Stained sections were examined with an Olympus H-2 light microscope (Olympus Ltd, KeyMed, UK) and cells stained positive for GLP-1, NRP-1 and SST were counted. Images were captured (NIS Elements Imaging Software, Nikon, UK) and NRP-1+ cells were compared to GLP-1+ and SST+ cells to assess for colocalisation. 
Assessment for colocalisation was performed by two independent observers (JW and AG) and results were compared. Colocalisation was confirmed by the presence of positive staining in the same cell identified on adjacent sections. As counting the frequency of single cells stained with two markers is a subjective assessment, inter and intra observer error was performed. histopatholigist.
2.3.4	NRP-1 immunohistochemical staining of human colonic epithelium
Optimisation of staining for NRP-1
An IHC protocol using a rabbit polyclonal anti-NRP-1 antibody (sc-5541, Santa Cruz)  had already been developed in previous work (Yu et al., 2011). Despite initial success difficulties were subsequently encountered in obtaining uniform positive staining with a clean background despite strict adherence to the optimised protocol. This was likely to have been as a result of degradation of the Santa Cruz anti-NRP-1 antibody (stored at 4ºC for 30 months since purchase). As this batch of anti-NRP-1 antibody was no longer produced by the manufacturer an alternative anti-NRP-1 antibody was obtained (rabbit monoclonoal anti NRP-1, Abcam ab25998). This protocol was optimised and then used in the final colocalisation study. Weak staining of NRP-1+ cells was seen initially (see figure 2.2A).
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Figure 2.2. Optimisation of IHC for NRP-1 staining. Black arrow-heads indicate staining for NRP-1. A: Weak staining was seen at first despite systematic increases in the primary and antibody concentrations. B: Use of a pressure cooker for antigen-retrieval improved the quality of staining with less tissue damage seen with the microwave method. C: The intensity of positive staining was improved further by increasing the concentration of secondary antibody and the duration of DAB treatment. D: Section of mouse brain (positive control). Images taken at 20x magnification.

Systematic increases in the concentration and incubation time of the primary antibody had little effect on the intensity of staining. However changing the method of heat-mediated antigen retrieval from using a microwave (3 minutes high temperature followed by 7 minutes medium temperature setting) to a steam pressure cooker, increasing the concentration of the secondary antibody to 1:100 dilution and by extending the chromagen substrate (DAB) treatment time from 7 to 10 minutes resulted in good intensity staining of NRP-1+ cells without background staining (see figures 2.2B and 2.2C).
NRP-1 staining protocol
Paraffin embedded sections were dewaxed in two baths of xylene for five minutes each and were twice hydrated in descending dilutions of ethanol: twice times in absolute ethanol (95% and 70%) and twice in deionized water (dH2O) at 3 minutes each. For antigen retrieval tissue sections were heated in a pressure cooker for 2 hours in sodium citrate buffer (pH 6.0) and then allowed to cool for 20 minutes before being treated with 3% hydrogen peroxide for 35 minutes at 37°C to block endogenous peroxidase activity. Tissue sections were washed in phosphate buffered saline (PBS) for 5 minutes prior to blocking of non-specific background staining using 10% goat serum and 10% casein in PBS for 60 minutes at room temperature. Specimens were then incubated with rabbit monoclonal anti-NRP-1 antibody (Abcam, ab25998), at a dilution of 1.5 µg/ml in a humidified chamber and incubated at 4°C overnight. Mouse brain was used as a positive control, and PBS alone (ie. the primary antibody was omitted) for the negative control. Slides were then washed with PBST (1% tween 20 in PBS buffer) twice for 10 minutes each time, treated with secondary antibody (biotinylated goat anti-rabbit 1:100 in 2% blocking sera; VECTOR) and incubated for 60 minutes at room temperature. Specimens were washed with PBST twice for 10 minutes each time and then treated with the VECTASTAIN® ABC kit (Vector laboratories). The ABC kit (Avidin: Biotinylated enzyme Complex) was made according to the manufacturer’s instruction and incubated with the slides for 40 minutes at room temperature in a humidified chamber. Specimens were washed again with PBS twice for 10 minutes each time. Slides were then incubated with 3, 3’diaminobenzidine (DAB) as the chromogen substrate (Vector laboratories) for 10 minutes at room temperature before two 5 minute washes with dH2O. All sections were counterstained with Gill’s haematoxylin (Sigma-Aldrich, Dorset UK) for 30 seconds to visualise cell nuclei and then washed with running tap water for 5 minutes before being dehydrated in ascending dilutions of ethanol towards xylene and mounted in DPX (Sigma-Aldrich, Dorset UK).
2.3.5	GLP-1 & PYY immunohistochemical staining of human colonic  
              epithelium

Optimisation of staining for GLP-1
Minor adjustments to the dilution of the primary antibody and duration of DAB treatment time were required in order to optimise the staining protocol for GLP-1.
GLP-1 staining protocol
For GLP-1 staining a similar protocol was used as for NRP-1 staining above. Specimens were incubated with rabbit polyclonal anti-GLP-1 antibody (Abcam, ab22625) at a dilution of 1 in 2000 at 4°C overnight and treated with secondary (biotinylated goat anti-rabbit 1:250 in 2% blocking sera; VECTOR) for 60 minutes at room temperature. Mouse pancreas was used as the positive control. Other differences to the protocol included incubation of slides in 3% hydrogen peroxide for 45 minutes and in DAB for 2 minutes.
Optimisation of staining for PYY
Difficulties with heavy background staining were encountered at first. This was addressed by reduction of the primary antibody concentration to 1:2500 concentration, increasing the duration of the blocking steps, reducing the DAB treatment time to 1.5 minutes and utilisation of a pressure cooker as an alternative source of heat for antigen retrieval (see figure 2.3).
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Figure 2.3. Optimisation of IHC for PYY staining. In initial stains a heavy background stain existed (A).  A stepwise approach to reduce the concentration of primary and secondary antibodies, increase the blocking steps and reduce DAB incubation led to improved results, with PYY expressed in singly dispersed cells (black arrows in B) although a reduced background stain persisted (red arrow). By using pressure cooker antigen retrieval improved staining was achieved (C).  Figure D demonstrates PYY expressing EECs in the crypt base, in keeping with the observation that PYY expression is an early event in colonic EEC differentiation (Upchurch et al., 1996).


Peptide YY (PYY) immunohistochemical staining of FFPE human colonic biopsies
For PYY staining a similar protocol was used as for NRP-1 staining above. Specimens were incubated with rabbit polyclonal anti-PYY (Abcam ab22663) at a dilution of 1 in 2500 at 4°C overnight and treated with secondary (biotinylated goat anti-rabbit 1:300 in 2% blocking sera; VECTOR) for 60 minutes at room temperature. Mouse colon was used as a positive control. Other differences to the protocol included incubation of slides in 3% hydrogen peroxide for 60 minutes and in DAB for 1.5 minutes. Better intensity and reliability of staining was evident with GLP-1 compared with PYY, therefore the anti-GLP-1 antibody was chosen as the L-cell marker ahead of the anti-PYY antibody.
2.3.6	SST immunohistochemical staining of human colonic epithelium
Optimisation of the staining protocol for SST
Stepwise adjustments to the dilution of the primary antibody and duration of DAB treatment time were required to optimise staining. As with previous IHC protocols, changing the method of heat mediated antigen retrieval from a microwave to a steam pressure cooker resulted in cleaner staining and cytosolic staining of high intensity in individually dispersed cells of EEC morphology without any background staining.
SST staining protocol
For SST staining a similar protocol was used as for NRP-1, as described in more detail in section 2.3.4. Specimens were incubated with rabbit polyclonal anti-SST (Abcam ab22682) at a dilution of 1 in 100 at 4°C overnight and treated with secondary (biotinylated goat anti-rabbit 1:250 in 2% blocking sera; VECTOR) for 60 minutes at room temperature. Mouse pancreas was used as a positive control, the slides were incubated in 3% hydrogen peroxide for 45 minutes and treated in DAB for 2.5 minutes.

2.4	Results
2.4.1	NRP-1 expression is enteroendocrine-like
NRP-1 was expressed in 85% (34/40) of colonic biopsies examined.  NRP-1+ cells displayed an enteroendocrine-like pattern of expression of singly dispersed epithelial cells which tended to be located in the lower third of the colonic crypts (see figure 2.4).
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Figure 2.4: NRP-1 expression in the normal colonic epithelium. (A) Black arrows indicate NRP-1+ cells. (B) NRP-1 staining of the positive control, reveals cytoplasmic staining of neuronal cell bodies and projections. (C) Human colonic epithelium, where PBS was used instead of the primary NRP-1 antibody. Images A and B are taken at 20x magnification, image C at x10 magnification. .





2.4.2	GLP-1 expression in the normal colonic epithelium
GLP-1 was expressed in all biopsies examined. IHC staining for GLP-1 revealed cytosolic staining in well-defined and singly dispersed cells which tended to be located in the lower third of the crypt. Colonic L-cell morphology was clearly observed with GLP-1+ cells demonstrating a flask shaped outline with apical extension towards the crypt surface (see figure 2.5).
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Figure 2.5: GLP-1 expression in the normal colonic epithleium. Anti-GLP-1 staining reveals singly dispersed cells (black arrows) in the lower third of the crypt (A) with typical morphological features of an L-cell including flash like shape (B) and basal staining (C).Islet cells in mouse pancreas, used as the positive control, stained positive for GLP-1 (D). Fig.2.4 A&D x20 magnification, and Fig.2.4 B&C x40 magnification.


2.4.3	SST expression in the normal colonic epithelium
SST was expressed in all biopsies examined (40/40). Staining for SST again revealed singly dispersed cells, as with NRP-1 and GLP-1. There was less of a tendency for SST+ cells to be positioned basally compared with GLP-1+ cells with SST+ cells typically demonstrating slim apical processes. Numerous D-cells also displayed a targetoid like appearance with staining forming a ring around the nucleus (see figure 2.6).
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Figure 2.6: SST expression in the normal colonic epithelium. SST+ cells (black arrows) are singly dispersed (A), some displaying slim apical processes (B) and others a targetoid morphology (C). Mouse pancreas (D) was used a positive control. Fig. 2.5A is x20 magnification, and Fig. 2.5B-D x40 magnification.


2.4.4	NRP-1 colocalises with a subset of GLP-1 expressing EECs 
GLP-1 expression was highest in the colonic epithelium, with a total of 290 GLP-1+ cells counted across all 40 biopsy sections. This was followed by SST (146 cells) and then NRP-1 (82 cells). Colocalisation of NRP-1 and GLP-1 did occur with 100% agreement for colocalisation between the two independent observers, however this was demonstrated in only a subset of cells (see figures 2.7-2.9). 26% of NRP-1+ cells expressed GLP-1, with only 8% of GLP-1+ cells expressing NRP-1. There was no colocalisation between NRP-1 and SST.
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Figure 2.7: Colocalisation of NRP-1 with GLP-1. Analysis of NRP-1 stained serial section (A) and GLP-1 stained serial section (B) reveal partial colocalisation. NRP-1+ cell (black arrow), GLP-1+ cell (green arrows), cell immunoreactive for both NRP-1 and GLP-1 (red arrows). Colocalisation is also present in serial sections C and D, likewise with NRP-1+ cells (black arrows), GLP-1+ cells (green arrows) and cells immunoreactive for both NRP-1 and GLP-1 (red arrow). x20 magnification.
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Figure 2.8. IHC serial sections stained for STT (A) and NRP-1 (B). NRP-1+ cell (black arrow) does not colocalise with SST+ cells in any of the sections examined. x20 magnification.
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Figure 2.9: Cell counts. Bar chart A illustrates the overall number of GLP-1+, NRP-1+ and SST+ cells counted in all sections. Bar charts B and C demonstrate the proportion of each cell type and colocalisation.





2.5	Discussion
NRP-1 is expressed in a discrete population of singly distributed epithelial cells in the colon which resemble that of EECs, in keeping with previous observations (Yu et al., 2011, Staton et al., 2013).  NRP-1+ cells also demonstrate a similar morphology to that of EECs. Previous work has shown that L-cells rarely express CgA (Yu et al., 2011) and, with fewer than 10% of CgA+ cells expressing NRP-1 and fewer than 20% of NRP-1+ cells expressing CgA, I hypothesised that NRP-1 is expressed by L-cells in the colon. This study does demonstrate that NRP-1 is expressed by GLP-1 expressing colonic L-cells. The expression of NRP-1 in colonic EECs does however appear more complex, with only partial co-localisation with GLP-1 observed in this study.
There are limitations of this study. While carefully optimised protocols were developed, using appropriately processed tissue sections, antigen retrieval techniques and detection systems, IHC does have its drawbacks. IHC provides semi-quantitative data at best and can also be influenced by reaction and interpretation bias (Matos et al., 2010). While the NRP-1 antibody used was monoclonal, and therefore more specific, the GLP-1 and SST antibodies used were polyclonal, which may have resulted in some false positive staining. 
However there are various strengths to my methodology. A narrow range of patients were recruited with potential confounding factors screened out. The use of appropriate controls and previously validated antibodies in addition to assessment of colocalisation by two independent assessors add further strength to my findings. 
In this study I used serial sections of colonic epithelial biopsies in order to demonstrate co-localisation, rather than alternative IHC techniques such as double staining with IF or double IHC staining. The primary reason for utilising serial sections was that the tissue had already been obtained and sections processed as part of a previous study (Corfe et al., 2009). IF would have required me to obtain new fresh snap-frozen cryostat tissue sections as the formalin fixed tissue already available would have caused auto-fluorescence. Double IHC staining was not possible as antibodies for NRP-1, GLP-1 and SST all stain intracellularly and the primary antibodies available were all raised in the same species (rabbit) and were unconjugated, therefore attempting double immunoenzyme staining would have been too problematic. Novel IHC techniques are emerging in order to reduce tissue auto-fluorescence while enhancing antibody signals in order to permit high-quality dual-colour IF images using archival FFPE tissue, however these technique are not widely used and largely remain in development (Viegas et al., 2007, Kajimura et al., 2016).
The use of adjacent serial sections is a widely accepted IHC technique that has been utilised to demonstrate colocalisation in FFPE sections in many tissue types (Krenacs et al., 2010), including in colonic epithelium (Randall et al., 2016)  and colonic EECs (Rozengurt et al., 2006, Yu et al., 2011). Although the use of serial sections to examine for colocalisation is considered more laborious and can be problematic for small diameter cells, such as lymphocytes, EEC are a larger cell type, approximately 8-10μm in diameter (Modlin et al., 2006, Bohorquez et al., 2014). The thin (2-3 µm) sections used in this study would be adequate in order for the three serial sections stained for the three antibody markers to include the same individual EEC. 
It is conceivable that NRP-1 is expressed in a small subset of EC and L-cells in addition to expression in non-EEC epithelial cell population. However, given that the spatial distribution and morphology of NRP-1+ cells resembles EECs, another explanation is that the colocalisation of NRP-1 with GLP-1 and CgA represents NRP-1 expression in only the mature differentiated EECs. Therefore the proportion of NRP-1+ cells that do not colocalise with either L-cell or D-cell markers may represent post stem cell progenitor cells that have committed to the EEC lineage but have not yet differentiated into mature EECs. NRP-1+ cells are found mainly in the lower third of the crypt where the EEC lineage pre-cursor cells reside (Humphries and Wright, 2008). Given that the sequential expression of the three main bHLH factors (Math1, NGN3 and BETA2) that are switched on and off under the influence of Notch signalling (Schonhoff et al., 2004), represent the three distinct stages of the EEC differentiation pathway, the colocalisation of NGN3, the expression of which is restricted to the proliferating EEC progenitor cells and is not expressed by mature EECs, with NRP-1 warrants further investigation. NRP-1 may therefore be expressed by a post commitment, pre-differentiation phase of post-stem cells. 
It is increasingly thought that there is a strong overlap of EEC subtypes based on their hormonal signatures and that EECs may in fact comprise a single cell type within which individual cells exhibit a spectrum of hormones, and therefore varying hormone markers, the expression of which are under the influence of local factors, such as anatomical location along the intestine and exposure to certain luminal nutrients. The EEC phenotype could therefore vary between patients and be influenced by both dietary factors and location along the colon. Researchers in the field of EEC biology have recently challenged the traditional classification of EECs that have been based on IHC characteristics and new concepts of EEC taxonomy are emerging (Drucker, 2016, Fothergill and Furness, 2018, Gribble and Reimann, 2016). There is increasing evidence that EEC subtypes should no longer be defined by a single hormone signature, with alternative classification systems offered including defining EECs by organ, species and multiple hormonal expression (Drucker, 2016). The use of cluster analysis has also been suggested to define EECs based on expression profiles beyond the traditional hormonal signature to include receptor and transcription factor expression (Glass et al., 2017, Haber et al., 2017).   
Although a series of IHC studies have confirmed colocalisation between GLP-1 and PYY in the colonic L-cells, other studies have also demonstrated the selective secretion of one hormone, suggesting discrete intracellular mechanisms underpin their release (Plaisancie et al., 1995, Anini et al., 1999). Given that EEC classification appears more complex than initially thought one other possibility is that the NRP-1+ cells represent a previously undefined subset of EECs that only partially colocalises with known markers of differentiated EECs. Figure 2.10 summarises where, across the differentiation pathway, colonic EECs, both mature and undifferentiated, may express NRP-1.


[image: ]Figure 2.10: Summary of findings and potential role of NRP-1. The Venn diagram summarises the findings from this study which demonstrated that NRP-1 is expressed in a subset of both colonic L-cells and EC cells. NRP-1 may be expressed by a new class of mature colonic EEC, or it may be expressed in the post-commitment, pre-differentiation phase of post-stem cells.


Given the limitations of this IHC study in defining the cellular expression of NRP-1 in the colonic epithelium alternative experimental techniques are required in order to determine the exact cell type(s) that express NRP-1 in order to provide additional insights into the physiological relevance of NRP-1 in colonic epithelial and enteroendocrine physiology. This is explored further in chapter 3.














Chapter Three:
DEVELOPMENT OF A TECHNIQUE TO ISOLATE A SINGLE-CELL POPULATION OF COLONIC EPITHELIAL CELLS


3.1	Introduction 
Following on from the IHC colocalisation study in chapter 2, an alternative approach was explored in order to identify which colonic epithelial cell type expressed NRP-1. Although there have been no previous reports of NRP-1 expression in the mouse colonic epithelium I planned to isolate NRP-1+ cells from the murine colon using fluorescence activated cell sorting (FACS) in order to then extract RNA from the NRP-1+ cell population and in turn identify the NRP-1+ cell type and information on NRP-1 expressing cell function via gene profiling by performing polymerase chain reaction (PCR) on the extracted RNA. 
In order to analyse a primary colonic crypt cell suspension using flow-cytometry or FACS the epithelial cells must first be separated from the underlying lamina propria and then the crypt cells dissociated into a single cell suspension prior to staining with the appropriate antibody-labelled fluorochromes. The most frequently used tissue dissociation techniques, often in combination, are chelating agents, mechanical disruption and proteolytic enzymes (Weiser, 1973, Booth C, 2002). Difficulty exists between obtaining a high yield of cell whilst avoiding irreducible disruption of the cellular membranes and inducing apoptosis caused by the chelation agent and it is unclear which technique is the most effective at producing a single-cell suspension containing a high yield of viable epithelial cells from the mouse colon. 

3.2	Aims
The main aims of this study were to:
(a)	Determine the IHC expression of NRP-1 in the mouse colonic epithelium.
(b)	Perform an empirical comparison of epithelial cell chelation and enzymatic digestion techniques in order to determine the most effective method of obtaining a high yield of viable colonic epithelial cells.
(c)	Isolate NRP-1 expressing murine colonic epithelial cells using FACS in order to then perform gene profiling on NRP-1+ cells to help determine.
3.3	Methods
3.3.1	IHC staining for NRP-1 in the murine colon
12 week old C57BL/6 (wild-type [WT]) mice (Project licence number PPL 40/3531) were used in accordance with the United Kingdom Animals Scientific Procedures Act (1986). . Colons were harvested from mice following cervical dislocation (CD). Faecal contents were flushed from the colon with PBS and the specimen was then fixed in 10% formalin for 24 hours before being transferred to 70% methanol prior to paraffin embedding and sectioning. Blocks were orientated in order to obtain 5µm transverse sections that displayed the hemi-crypts.
The following protocol was developed in order to optimise staining.  Paraffin embedded sections were dewaxed in two baths of xylene for five minutes each and then hydrated in descending dilutions of ethanol: twice in absolute ethanol (95%, 70%) and twice in deionized water (dH2O) at 3 minutes each. For antigen retrieval tissue sections were heated in a pressure cooker for 2 hours in sodium citrate buffer (pH 6.0) and allowed to cool for 20 minutes before treatment with 3% hydrogen peroxide for 60 minutes at 37°C in order to block endogenous peroxidase activity. Tissue sections were washed in PBST for 5 minutes on a rocker before blocking non-specific background staining using blocking sera (10% goat serum and 10% casein in PBST) for 60 minutes at room temperature. Specimens were then incubated with rabbit monoclonal anti-NRP-1 antibody (Abcam, ab81321), at a dilution of 1 in 200 in a humidified chamber and then incubated at 4°C overnight. Mouse brain was used as the positive control and PBST for the negative control. Slides were then washed with PBST twice for 10 minutes each time, treated with secondary antibody (biotinylated goat anti-rabbit 1:250 in 2% blocking sera; VECTOR) and incubated for 60 minutes at room temperature. Specimens were washed with TBST twice for 10 minutes each time and then treated with the VECTASTAIN® ABC kit (Vector laboratories). The ABC kit was made according to the manufacturer’s instruction and incubated with the slides for 40 minutes at room temperature in a humidified chamber. Specimens were then washed with PBST twice for 10 minutes each time. Slides were incubated with DAB as the chromogen substrate (Vector laboratories) for 10 minutes at room temperature before two washes with dH2O for 5 minutes. All sections were counterstained with Gill’s haematoxylin (Sigma-Aldrich, Dorset UK) for 30 seconds to visualise cell nuclei and then washed with running tap water for 5 minutes before being dehydrated in ascending dilutions of ethanol towards xylene and then mounted in DPX (Sigma-Aldrich, Dorset UK). Once the IHC protocol was optimised, 5 colonic sections taken from 5 mice were stained with NRP-1.
3.3.2	Empirical comparison of a strategy to isolate a single cell population of epithelial cells from the murine colon 

In order to identify an optimal method to yield a single cell suspension of murine colonic epithelial cells, the efficacy of six published chelation methods in yielding viable single murine colonic epithelial cells were directly compared (see table 3.1), in combination with either dispase (Invitrogen) or Accutase® (Stemcell Technologies), for use in FACS analysis of NRP-1+ cells.

[image: ]
Table 3.1: Comparison of chelating solutions. The main differences between the composition of and incubation times in chelating solution (CS) between six alternative dissociation protocols are outlined. All chelating solutions are made to pH 7.3.

Tissue preparation
Twelve week old C57/BL6 mice were used in accordance with the United Kingdom Animals Scientific Procedures Act (1986). The initial step was standardised for each chelation method compared. Following cervical dislocation, the colon was removed by dividing the colon proximally, just distal to the caecum, and distally at the anorectal junction.  The colon was then immediately placed in ice cold magnesium and calcium free Hanks’ balanced solution (HBSS) (Sigma-Aldrich, Dorset, UK). Luminal contents were flushed with HBSS and the colon everted (figure 3.1). A 6cm length of colon, measured from the proximal cut end, was used for each experiment. 
From here each method differed in terms of concentration and constituents of chelation solutions used, duration of incubation and use of mechanical disruption. Each chelation solution was standardised at pH 7.3, with all chelation and enzymatic digestions steps carried out at 4°C and room temperature respectively.  Following each chelation experiment the remnant colon was fixed in formalin and embedded in paraffin blocks from which 5 evenly spaced 5µm sections were cut and a haematoxylin and eosin (H+E) stain performed to assess the adequacy of epithelium removal. Three animals were used for each of the 12 methods compared (n=36).
Chelation steps
Method 1 (Weiser, 1973)
The colon was incubated in 30mLs of solution A (1.5 mM-ethylenediaminetetraacetic acid (EDTA), 0.5 mM-dithiothreitol (DTT)) for 15 minutes after which the solution is discarded. The colon was then added to 30 mLs of chelation solution B (1.5 mM- KCl, 96 mM- NaCl, 8 mM-KH2PO4, 5.6 mM-Na2HPO4) and incubated for 60 minutes. The flask was then vigorously shaken by hand for 30 seconds and the cell suspension then pelleted at 2500 rpm for 5 minutes and washed twice in cold PBS. 

Method 2  (Booth C, 2002) 
The everted colon was incubated in a flask of 30mLs of modified Weiser chelating solution (1.6mM-KCl, 96 mM-NaCl, 8 mM-KH2PO4, 5.6 mM-Na2HPO4, 44 mM-sucrose, 55 mM-D-sorbitol, 6.0 mM-EDTA, 4.0 mM- ethyleneglycoltetraacetic acid (EGTA), 0.5mM-DTT) for 60 minutes. The solution containing the released debris was discarded and then replaced with fresh cold magnesium and calcium free Hanks’ balanced solution (HBSS-) and the flask then vigorously shaken by hand for 30 seconds. The contents of the flask were examined under an inverted microscope to assess if any epithelium has been liberated. The incubation was then continued, checking for liberated epithelial cells every 10-15 minutes for 40 minutes. The cell suspension was then pelleted at 2500 rpm 5 minutes and washed twice in cold PBS. 
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Figure 3.1: Single cell isolation protocol.  Step 1: Colon harvest. The mouse colon is excised immediately distal to the caecum and immediately incubated in, and luminal contents flushed with, cold HBSS-. The colon is then everted, by securing one end of the colon segment over a pen refill with a suture tie and then pulling the colon along the length of the pen refill to expose the mucosa. Step 2: Chelation. The everted colon is then incubated in chelating solution, at 4°C. The chelation method 2 by Booth et al. is represented in this figure (Booth C, 2002). Step 3: Enzymatic digestion. The released sheets of colonic crypts are dissociated into a single-cell suspension with either dispase or accutase. Applying DNAse and passing the cell suspension via a 21G needle and 70µm filter prevents cell clumping.




Method 3 (Flint et al., 1991) 
The everted colon was incubated in 30mLs of solution A (HBSS- with 0.5mM DTT) for 5 minutes under constant agitation. The colon was then transferred to solution B (1.6 mM-KCl, 96 mM-NaCl, 27 mM-Na3C6H3O7, 8 mM-KH2PO4, 5.6 mM-Na2HPO4, 44 mM-sucrose, 55 mM-D-sorbitol, 0.5mM-DTT) for 20 minutes after which the solution was discarded and then colon transferred into a flask of fresh solution B. The flask was shaken gently by hand (20 inversions) and the colon was then removed and the contents of the flask pelleted at 2500 rpm for 5 minutes before being washed twice in cold PBS. The colon was then transferred into a flask of fresh solution B and the step repeated until little cellular material is removed. The combined pelleted cells were resuspended in PBS. 

Method 4 (Ottewell et al., 2006) 
The everted colon was incubated in a flask of modified Weiser solution (1.6 mM-KCl, 96 mM-NaCl, 27 mM-Na3C6H3O7, 8 mM-KH2PO4, 5.6 mM-Na2HPO4, 44 mM-sucrose, 6.0 mM-EDTA, 4.0 mM-EGTA, 55 mM-D-sorbitol, 0.5mM-DTT). The contents of the flask were shaken vigorously and transferred to fresh solution for 15 minutes. The cell suspension was then pelleted at 2500 rpm 5 minutes and then washed twice in cold PBS. 

Method 5 (Formeister et al., 2009) 
The everted colon was incubated in solution A (30mM-EDTA, 1.5 mM-EGTA) for 20 minutes. The solution was discarded and the tissue shaken vigorously in solution B (30mM-EDTA) before being incubated in solution B for a further 10 minutes  under constant rotation. The intact colon was removed and the contents of the flask pelleted at 2500 rpm 5 minutes and then washed twice in cold PBS. 

Method 6  (Jung et al., 2011) 
The everted colon was incubated in solution A (10mM-DTT) for 15 minutes before being transferred to solution B (8mM-EDTA) where it was slowly rotated for 60-75 minutes. The supernatant was replaced by fresh cold PBS and the flash shaken vigorously to yield colonic crypts. The cell suspension was then pelleted at 2500 rpm for 5 minutes and then washed twice in cold PBS.
Enzymatic digestion step
Cell pellets obtained following each chelation method were, in turn, resuspended in 5mLs of HBSS-/0.3 U dispase or 5mLs of undiluted Accutase® at 37°C and shaken every 2 minutes for 10 minutes. In the final step, to prevent cell clumping, 5mLs of 5% foetal calf serum  (Biosera) and 100 µg of deoxyribonuclease (DNAse) I (Sigma) were added before the cells were gently syringed through a 21G needle (Microlance™) and passed through a 70µm filter. Viable cell counts were measured with a haematocytometer and trypan blue staining.
3.3.3	NRP-1 fluorescence activated staining protocol optimisation
A protocol to stain the cell suspension obtained with anti-NRP-1 antibody was developed, initially using MCF7 cells as a positive control. Both the direct method using anti-NRP-1 antibody conjugated with a fluorochrome and also the indirect methods using a fluorochrome-labelled secondary antibody were compared. Isolated colonic epithelial cells were stained for NRP-1 and FACS performed in order to isolate NRP-1+ cells for subsequent RNA extraction. Gene expression analysis could then be performed to gain further insight into the identification and function of NRP-1+ cells.


Maintenance of MCF7 cells
MCF7 cells were cultured in T75 flasks using RPMI growth media (GIBCO, Invitrogen Paisley, UK) supplemented with 10% heat-deactivated FCS (Biosera, Sussex, U.K.), penicillin (10000 units/mL) and streptomycin (10000 μg/mL) (GIBCO, Invitrogen). Cells were passaged twice weekly to prevent over growth by removing growth medium from the flask and washing cells in the T75 flask using 10mls of PBS. Washed cells were then incubated with 2.5ml of 0.25% trypsin-0.53mM EDTA solution for two minutes at 37°C. Cells were dislodged from the flask and suspended in RPMI growth media. The cell suspension was centrifuged at 400g (Sanyo, Harrier 18/80 Centrifuge). The supernatant was decanted and the remaining cells re-suspended in RPMI growth medium. The suspension was divided into five T75 flasks and the total volume made up to 10mls with growth medium and returned to the incubator.
Protocol for staining MCF-7 cells and isolated colonic epithelial cells with anti-neuropilin-1 for FACS
In order to assess whether the ani-NRP-1 antibody could be effectively conjugated with a fluorochrome, the Lightning-Link™ (Innova Biosciences) PE and PECy7 conjugation kits were used, as per manufacturer’s instructions. Staining with the two conjugated fluorochromes was compared with the indirect method using a secondary antibody. While using the direct approach with a conjugated primary antibody may simplify and shorten the staining protocol and reduce non-specific binding, the use of a secondary antibody in the indirect approach can increase the signal amplification. 
MCF7 and primary murine colonic epithelial cells were isolated once at least 80% confluency was achieved. Cells were harvested by trypsinisation, followed by addition of 4mls of PBS containing 10% FCS and subsequent pelleting the cells by centrifugation. Supernatant was poured off and cells washed in cold PBS before being permeabilised with 5mls of 0.1% PBS Tween 20 for 20 minutes. Cells were pelleted by centrifugation and supernatant removed prior to treatment with PBS/10% goat serum/0.3M glycine /0.1% Tween 20 for 30mins at room temperature (RT). At this point cells were counted using a haemocytometer and then resuspended to 1x107 /ml. 100 µl cell suspension was added to each FACS tube and the cells then incubated with the unconjugated primary anti-NRP-1 antibody (or conjugated primary) at a dilution of 1:50 for 30 minutes at RT, followed by three washes in PBS. If an unconjugated primary anti-NRP-1 antibody was used, an additional wash with PBS/10% goat serum/0.3M glycine/0.1%Tween 20 was performed prior to incubation with 1:50 dilution of Alexa Fluor 488 secondary antibody (Invitrogen) for 30 minutes. Cells were washed twice in PBS and kept on ice in the dark prior to analysis. MCF-7 cells were analysed for NRP-1 expression by the FACSCalibur (BD Biosciences) and a cell sort performed to isolate the NRP-1 expressing primary colonic epithelial cells was performed using the FACSort (BD Biosciences). An excitation laser line of 488nm was used with standard filters (530/30 for Alexa Fluor 488, 575/26 for PE and 670/14 for PE-Cy).
3.4	Results
3.4.1	NRP-1 is expressed in the murine colonic epithelium
As in the human colonic epithelium, IHC demonstrated that NRP-1 is expressed in the mouse colon in singly dispersed epithelial cells with the morphology of EECs. NRP-1 was found to be expressed in all 25 sections examined. NRP-1+ cells tended to be in the lower third of the crypts (see figure 3.2). This data confirms that mouse colonic epithelium could potentially be used to further investigate the NRP-1 expressing colonic epithelial cell type.
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 Figure 3.2: NRP-1 expression in the normal mouse colon. NRP-1+ cells marked with black arrows. Fig.30B   
  x40 magnification, Fig.30C x20.


3.4.2	Expression of NRP-1 in MCF-7 cells by flow-cytometry
NRP-1 expression was demonstrated, as expected, in the MCF7 cell line (see figure 3.3) with a clearly defined single cell population identified. Both methods using conjugated and non-conjugated primary anti-NRP-1 antibody worked well, however the signal obtained from using the Alexa Fluor 488 secondary antibody was stronger than using the conjugated antibodies. Given that NRP-1 is expressed in a very small proportion of cell in the colonic epithelium, the Alexa Fluor 488 secondary protocol was therefore the preferred option to stain isolated primary murine colonic epithelial cells for NRP-1.
[image: ]
Figure 3.3: Flow cytometric analysis of NRP-1 expressing MCF7 cells. The one-parameter histograms demonstrate the three staining approachesd in order to identify NRP-1 expressing MCF7 cells. Cells were stained for NRP-1 using NRP-1 primary antibody followed by the Alexa Fluor 488 secondary antibody (top), NRP-1 primary antibody conjugated with PE (middle) and NRP-1 primary antibody conjugated with PECy7. Cells stained for NRP-1 were compared with unstained cell. A clear right shift is seen with all three staining approaches, however a stronger signal is observed with the Alexa Fluor 488 secondary.

3.4.3	Dissociation of primary murine colonic epithelial cells into a single cell suspension 

The chelation step described by Booth et al, which utilises a chelation solution containing 6.0mM EDTA and 4.0mM EGTA, yielded the greatest number of viable single epithelial cells. The viable counts observed in each chelation method, in combination with dispase and accustase, are summarised in table 3.2. Variability in the effectiveness of the different chelation solutions at releasing epithelial sheets from the underlying lamina propria was also demonstrated (see figure 3.4). Using dispase for the enzymatic step was more effective at disaggregating crypts into single cells than accutase. Combining the chelation step by Booth et al with dispase yielded over 3.0x106 cells per colon with 90% viability. 
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Table 3.2: Comparison of mean cell count and viability following 6 different chelation protocols. The efficacy of six published chelation protocols, combined in turn with dispase and accutase, to yield a viable single cell suspension of murine colonic epithelial cells were directly compared. Mean cell count and mean viability are compared. n=36.



[image: ]Figure 3.4: H+E stained sections of remnant mouse colon following epithelial cell dissociation.
Representative images indicating the efficacy of the varying cell dissociation techniques in separating colonic crypts from the underlying basement membrane. Figure A demonstrates how virtually all crypts remain in-situ (method 4 – Ottewell et al.). Some improvement in crypt dissociation is seen in figure B (method 6 - Jung et al.). Figure C reveals complete dissociation of colonic crypts with skeletisation of the lamina propria in this representative image, reflecting a higher cell yield (method 2 – Booth et al.). Note how the colon is everted with the submucosa exteriorised and serosa on each side forming a neolumen. Figure D again demonstrates effective dissociation of crypts. However the viability of dissociated cells was poor, reflecting the high concentration of EDTA used with this protocol (method 5 – Formeister et al.).  (Images A, C and D x10 objective lens, image B x20 objective lens)




3.4.4	FACS isolation of NRP-1+ cells from the murine colonic epithelium
Booth et al’s method of chelation was used in order to isolate cells to then stain and isolate the NRP-1+ cell population in the mouse colonic epithelium. Unfortunately it became apparent that given the limitations of primary epithelial cell isolation and that NRP-1 expression is a rare event in the colonic epithelium, isolating a NRP-1+ cell population proved insurmountable with too much cellular debris and apoptotic cells present following the staining protocol resulting in general non-specific staining (see figure 3.5).
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Figure 3.5:  FACS dot plot of NRP-1 staining of isolated murine colonic epithelial cells. This figure compares a cells sort with unstained, Alexa Fluor 488 (AF488) secondary antibody only and NRP-1 and AF488. Extensive non-specific staining is apparent, with an almost identical cell population identified with and without the NRP-1 primary antibody. SSC = side scatter. FSC = forward scatter.











3.5	Discussion
3.5.1	NRP-1 expression in the murine epithelium
In this study I demonstrated that NRP-1 is expressed in the colonic epithelium of C57/BL6 mice. NRP-1 expression in the mouse colonic epithelium has not been reported previously. NRP-1 is known to be expressed in murine neurons, endothelial cells (Pellet-Many et al., 2008) and SMCs of the large vessels in mouse embryos (Jubb et al., 2012). Yamaji and colleagues found NRP-1 to be expressed in SMCs of the mouse colon and, by generating SMC-specific Nrp-1 knockout mice (NRP-1SMKO) found that Nrp-1 deficiency in colonic SMCs resulted in GI reduced colonic contractility and constipation (Yamaji et al., 2015). I found that NRP-1 had a similar pattern of expression in the colonic crypts in mice as it does in the human colon, with positive staining of singly dispersed epithelial cells with EEC features.
3.5.2	Comparison of colonic epithelial dissociation techniques
The method described by Booth et al (Booth C, 2002), which utilises a chelation solution containing 6.0mM EDTA and 4.0mM EGTA with a more prolonged incubation time, yielded the greatest number of viable single epithelial cells when compared to other published methods tested. 
Milton Weiser developed a method of isolating villous and crypt cells from rat intestines 40 years ago (Weiser, 1973) and since then modifications of the Weiser solution have been developed by others (Booth C, 2002, Formeister et al., 2009). Incubation with chelating agents, the most widely used being EDTA, releases cells from their calcium- and magnesium-dependent interactions with the basement membrane and disrupts the function of the extracellular matrix molecules cadherin and integrins (Chopra et al., 2010). The addition of the anti-mucolytic agent DTT to the chelation solution also counters the adverse effect of mucous on cellular aggregation. Modifications in Booth et al’s method that are likely to enhance the efficacy of the technique include the addition of EGTA, a chelation agent similar to EDTA but with a higher affinity to calcium than magnesium ions (Booth C, 2002) and sorbitol and sucrose, which as energy substrates may contribute to the increased yield of viable epithelial cells (Flint et al., 1991). A prolonged incubation time in the chelation solution will also contribute to the increased number of cells isolated.
I also demonstrated that, when used in combination with chelation and mechanical disruption, the addition of dispase was more effective than Accutase® in increasing the yield of viable single cells. Over the last 30 years, the employment of crude trypsin and collagenase preparations have been the preferred choice for cell dissociation. However trypsin can cause excessive cell membrane damage and target receptor denaturation and collagenase can cause excessive cell aggregation. I opted to compare dispase and accutase in the enzymatic step of my study as they cause less cell membrane damage when compared to the traditional proteolytic enzymes (Bajpai et al., 2008). I would have expected Accutase®, a cell detachment solution that contains a mixture of enzymes with collagenolytic, proteolytic and DNAse activity, to perhaps be more effective than dispase, a bacterial enzyme produced by Bacillus polymyxa, that contains a single protease only. It may be that Accutase®, which is often used for the dissociation of sensitive cell types, was too gentle at dissociating the epithelial cells in the incubation time chosen and may have required a longer digestion period. It may also be that dispase combines more effectively with the DNAse I, which was also given at the end of each protocol in order to prevent cell clumping prior to counting. 
While strengths to my methodology include applying a systematic approach to compare several different published dissociation techniques, standardising colon lengths, repeating the experiment three times for each technique and quantifying cell counts and viability, there are several weaknesses to the methods applied in this study. The use of shaking the tissue in the chelation solution is an important aspect of the epithelial removal process, however this step is the most subjective and variable. The result could therefore be skewed by how hard and long the solution was shaken as this was not measured. Although I attempted to evaluate the effectiveness of epithelial removal by performing H+E staining of the remnant mouse colon, this technique is again highly subjective. An alternative approach such as the use of a valid epithelial cell marker (eg. cytokeratin) to stain the remnant colon and quantify the number of cells remaining would have been preferable. I also did not assess the purity of epithelial cell suspension. Despite centrifugation and filtering the dissociated cell suspension, contamination with other cell types, such as lymphocytes, fibroblasts and mesenchymal cells may have occurred. This may have contributed to the difficulties encountered with the staining of the isolated epithelial cells for FACS. Again, an epithelial cell immunomarker could have been used to assess purity of the cell suspension obtained.
It is difficult to compare the results of my study comparing chelation methods to published cell yields due to the multiple contributing factors and heterogeneity of reported studies. The vast majority of published methods involve dissociation of small intestinal epithelial cells as opposed to colonic, and vary in species, number of animals used per protocol and length of intestine used. In my study I standardised the length of colon to an arbitrary 6cm and repeated the experiment three times for each cell dissociation method. Despite this there would certainly be a wide variation in the epithelial surface area per colon and thereby the number of colonic crypts per colon.  There would therefore be a potential for a wide variation in the baseline number of colonic epithelial cells available to be isolated per mouse colon. 
Ideally human tissue would have been used in this study, as it was in chapter two of this thesis, instead of mouse colon. However obtaining a sufficient yield of colonic EECs would likely require several colonic specimens from patients, which is clearly not practically or ethically appropriate. Expanding a population of colonic epithelial cells from biopsy samples would be a huge technical challenge, especially given that FACS sorted intestinal cells do not appear to survive in culture (Psichas et al., 2017).
3.5.3	FACS isolation of NRP-1+ cells
Although I examined both the indirect and direct fluorochrome staining techniques, there are several other limitations to my methodology which may have contributed to the failure to isolate NRP-1 expressing colonic epithelial cells. Persistent non-specific background staining and cellular debris was likely to have been caused by apoptosis and cellular disruption from the repeated insults in the various cell isolation and staining steps. While Booth et al’s chelation technique combined with enzymatic digestion resulted in a high yield of viable cells this did not provide a suspension of cells from which NRP-1+ cells could be isolated. The prolonged chelation step in Booth et al’s protocol may have caused disruption to the cellular membrane of the colonic epithelial cells resulting in the failure of the anti-NRP-1 antibody to bind to the NRP-1 epitope. This view is supported by the successful staining and FACS sorting of NRP-1+ MCF7 cells. The MCF7 epithelial cells are an established cell line that underwent only a relatively sort exposure to trypsin-EDTA in order to detach the cells adhered to the culture flask. 
3.5.4	Alternative approaches
An important factor to consider is the relative rarity of NRP-1+ cells within the colonic epithelial cell population with this experiment highlighting one of the main difficulties of EEC research. A recent 3D microscopic study observed that for every 10,000 epithelial cells in the colon there were only 5.5 PYY-expressing cells (Bohorquez et al., 2014) and it is the dispersed nature of EECs that presents a considerable challenge which has largely prohibited interrogation by single-cell physiological techniques. Over the years, single cell characterisation has been restricted to EEC model cell lines, such as GLUTag, STC-1, NCI-H716, FRIC and AMIC (Kuhre et al., 2016), however these lines are murine and/or tumour derived and are also derived from heterogenous populations of intestinal cells from the entire GI tract. Such EEC lines are therefore not representative of normal colonic EECs and the use of such cell lines would not be appropriate in enabling me to determine the NRP-1 expressing cell type in the normal colonic epithelium. 
As an alternative approach, Chougule et al have demonstrated the use of magnetic beads conjugated to EpCAM, a pan-epithelial cell marker, to isolate small intestinal epithelial cells from a primary culture (Chougule et al., 2012). Although trypsinisation to release cells from the culture plates and low concentration of EDTA (1mM) are still required prior to immunomagnetic selection, this method also yields purified epithelial preparations with the additional advantages of avoiding prolonged chelation or enzymatic digestion.  Time-consuming sedimentation steps are also not required, resulting in a rapid cell isolation procedure.
Laser capture microdissection (LCM) technologies also offer a novel method of obtaining pure epithelial samples (Funke, 2011). Employing a focussed laser beam to extract the selected cells, the advantage of laser microdissection is the direct control of the cell selection process through direct visualisation under the light microscope. The target cells can be selected according to specific histological morphology or can also be selected via IHC antigen detection or via genotypical identification through in-situ hybridisation. Although LCM can be performed in formalin-fixed tissue, applying this method to frozen tissue provides a more reliable method of extracting high quality RNA from pure epithelial fractions. 
In the last decade the Metabolic Research Laboratory group in Cambridge, UK has led the way in EEC research and gut peptide secretion (Reimann et al., 2008), especially with the use of transgenic fluorescent reporter mice expressing green fluorescent protein (GFP) reporter genes targeted to unique EEC subtypes.  This approach has facilitated isolation and analysis of enriched purified EEC subpopulations enabling generation of single-cell transcriptomic RNA profiles, forming the basis of over twenty publications from this group (Psichas et al., 2017). Although this technique uses similar enzymatic digestion methods as the ones I have employed, use of fluorescent reporter genes negates the need for staining of cells which resulted in excessive background staining required for FACS in my experiment. Fluorescent reporter mice have been used to isolate small and large intestinal L-cells (Reimann et al., 2008), small intestinal K cells (Parker et al., 2009) and more recently pancreatic D-cells (Adriaenssens et al., 2016). A strategy using this technique would be the best way forward in order to isolate NRP-1 expressing colonic epithelial cells to enable RNA extraction and gene profiling in order to further characterise the NRP-1 expressing colonic cell subtype and investigate the biological relevance of NRP-1 in the colonic epithelium. Practical limitations such as cost, access and availability of expertise in breeding fluorescent reporter mice targeting colonic EEC subtypes, prevent this from being an avenue to pursue within the confines of this thesis.









Chapter four:
PATTERNS OF ENTEROENDOCRINE CELL EXPRESSION IN COLORECTAL CARCINOGENESIS

4.1	Introduction
As previously outlined in section 1.2.8 of this thesis, EECs have also been implicated as having a role in colorectal carcinogenesis (Gunawardene et al., 2011). One third of colorectal adenocarcinomas express differentiated EECs with subset of EECs found to express VEGF (Gulubova and Vlaykova, 2008). It has been recognised that EEC numbers are altered in the vicinity of colonic neoplasia in humans (Yu et al., 2011) with a murine model of colorectal carcinogenesis also demonstrating a depletion in EEC population in malignant colonic epithelium (Novaes et al., 2016). EECs have also been found to express cancer-associated transcription factor Brachyury (Jezkova et al., 2016) with Wang and colleagues also previously demonstrating that activating the Wnt pathways in the early stages of EEC differentiation results in 5-HT expressing adenoma formation (Wang et al., 2007). However, despite the location of EECs in the colonic crypts, their function as luminal chemosensors and ability to secrete proliferative and pro-angiogenic factors, the role of EECs in colonic carcinogenesis remains relatively under investigated (Kleist and Poetsch, 2015).
It is increasingly accepted that SCFAs play an important role in the anti-neoplastic effects of dietary fibre, with butyrate having previously been shown to promote growth arrest, apoptosis and suppression of angiogenesis (Kim et al., 2007, Yu et al., 2010, Chirakkal et al., 2006). However the exact mechanisms that underpin such an effect remain unclear. The SCFA-EEC interaction may play a role. There has been increasing interest in the interaction between SCFAs and EECs, especially as it has become increasingly clear that the SCFA receptors FFAR-2 and FFAR-3 are expressed by EECs (Karaki et al., 2008, Tazoe et al., 2009), as outlined in section 1.4.2. However, the majority of research in this field has focussed on the physiological effects of SCFA-stimulated release of EEC hormones and its metabolic impact, especially in obesity and diabetes (also see section 1.4.3) and the relationship between SCFAs and EECs in the context of CRC remains unknown. Previous work has demonstrated that CgA+ expression is influenced by butyrate level in vivo (Yu et al., 2011). Butyrate also downregulates colonic NRP-1 expression in vitro (Yu et al., 2011), and lastly NRP-1 is known to be expressed in a subset of EECs, as demonstrated in chapter 2 of this thesis. 
The SCFA-EEC interaction may therefore play a role in colorectal carcinogenesis and may offer a mechanism that contributes to the anti-neoplastic effect of dietary fibre in CRC and also a potential new chemopreventive and diagnostic target. I therefore investigated whether alterations in ECC population numbers occurs in colorectal carcinogenesis, and if there was any association between SCFA levels and EEC number. 








4.2	Hypothesis and aims
I hypothesised that:
(i) EEC numbers are altered in human neoplastic colonic epithelium  
(ii) EEC numbers are altered in the neoplastic lesion field
(iii) SCFAs influence colonic EEC expression

To test this hypothesis the aims of this study were to:
(a) Characterise changes in cellular morphology and staining patterns in normal, field and neoplastic lesion biopsies
(b) Compare colonic EEC subtype expression in the normal epithelium of lesion-free patients to the neoplastic epithelium in patients with adenomas and adenocarcinomas
(c) Compare colonic EEC subtype expression in the lesion field compared to control
(d) Identify relationships between the EEC subtypes in the normal and field biopsies, including EEC position within the crypt
(e) Identify alterations in ECC expression and crypt cellularity in relation to faecal SCFA levels
(f) Investigate the relationship between age and BMI on faecal SCFA levels






4.3	Methods
4.3.1	 Human colonic biopsies
This experiment expands on previous work performed in the Corfe laboratory with my study using archived tissue previously collected from patients recruited as part of the FACT observation study (Corfe et al., 2009), as described in section 2.3.1. In this study all patients received MBP prior to lower GI endoscopy where colonic biopsies were obtained in patients from three diagnostic groups; lesion-free patients, those with colonic adenomas and those with colonic adenocarcinoma. A single biopsy from each patient was taken with Radial Jaw 4 2.8mm forceps (Boston Scientific, UK) from three possible sites; from the lesion (adenoma or adenocarcinoma), the contra-lateral field site (ie. the colonic mucosa immediately opposite from the lesion), and from the mid-sigmoid (control site). The mid-sigmoid was chosen as a control site as it is an easily identifiable landmark at endoscopy. 
Biopsies were fixed in formalin and then paraffin embedded before 5µm serial sections cut. Sections were stained with haemotoxylin and eosin (H&E) and examined by a consultant histopathologist (Dr J Bury) to confirm the diagnosis of normal colonic epithelium, adenoma or adenocarcinoma and to determine adequate crypt orientation. Those sections with low crypt yield were re-cut. 
4.3.2	Faecal SCFA measurement
Data on faecal SCFA levels was also collected previously as part of the FACT Observation study. Patients were asked to provide stool samples two weeks following the endoscopy. Within 3 hours of production, SCFAs were extracted from each stool sample and the absolute level of each SCFA (mmol/L) was determined with gas chromatography in collaboration with Professor Chris Seal, University of Newcastle upon Tyne (Corfe et al., 2009). Data on levels of the three main SCFAs; butyrate, propionate and acetate was analysed in my study in order to assess for any relationship between the SCFA levels and the three diagnostic groups, EEC expression, crypt cellularity and also age and BMI.
4.3.3	overview of dataset and patient characteristics
Biopsies were obtained from 124 patients in total. This included 58 lesion-free patients, 50 patients with colorectal adenomas and 16 patients with colorectal adenocarcinomas (see table 4.1). The mean age of patients was 65.2 years (SD±11.2). Mean BMI was 26.8 (SD±5.0) (see table 2).  Due to issues relating to the sampling and processing of biopsies and some patients not providing stool samples, a minority of patients did not have a full set of cell data or SCFA data available (see table 4.1).
	
Diagnostic groups
	IHC stain
	SCFA data

	
	CgA
	GLP-1
	SST
	

	
	MS
	CO
	MS
	CO
	MS
	CO
	

	Lesion Free (n=58)
	58
	-
	54
	-
	54
	-
	40

	Adenoma (n=50)
	29
	23
	48
	43
	44
	39
	30

	Adenocarcinoma (n=16)
	15
	15
	14
	14
	14
	16
	10



Table 4.1. The number of biopsies with IHC and SCFA data available. Biopsies taken from the normal mid-sigmoid (MS) control and from epithelium contralateral (CO) to a neoplastic lesion (if present).


	
	All patients
n= 124
	Lesion-free
n= 58
	Adenoma 
n= 50
	Cancer
n= 16

	Age (years) (mean ± SD)
	65.2 ± 11.2
	62.2±11.2
	68.5 ±9.8
	66.2 ±12.4

	BMI (kgm-2) (mean ± SD)
	26.8±5.0
	27.0±5.2
	25.9 ±3.7
	28.2±6.5



Table 4.2. Mean age and BMI across the diagnostic groups.

4.3.4	Immunohistochemical staining strategy
The FACT Obs slide series consisted of 20 slides per biopsy per patient. In order to avoid scoring the same crypt twice I selected a pair of slides from each biopsy 10 slides apart. Slides were labelled with randomly assigned numerical identifiers, generated using Excel 2010 (Microsoft, Washington, USA), in order to blind the scoring. I then carried out IHC staining on two pairs of slides from each biopsy for GLP-1 (L-cell marker) and SST (D-cell marker) as per the IHC protocols I had optimised in section 2.2.5 and 2.2.6. Two slides per biopsy had already been stained for CgA (EC cell marker) using the same scoring protocol through previous work undertaken by Dr D. Yu (Yu et al., 2011).
4.3.5	Scoring method
All biopsies had two slides available for scoring for each of the three ECC immunomarkers stained for. Initially the whole section was assessed for inclusion.  If the following scoring inclusion criteria was not satisfied then the slide was discounted:
· for a crypt to be considered viable the base and luminal surface had to be identified

· the cryptal epithelium should have a minimum length of 25 cells

· suitable crypts should comprise of a continuous straight line of cells

· a minimum of 5 hemi-crypts could be scored per slide

· a maximum of 10 hemi-crypts (or 5 crypts) were present  - if more than 10 hemi-crypts were present then the best quality crypts were chosen

Cell scoring was performed using NIS-Elements (Nikon, Kingston, UK) laboratory image analysis system software (see figure 4.1). This was kindly performed by Ruth Narramore (RN; BMedSci student). All cells in included crypts were manually counted as either negative or positive, at x20 magnification. A positional score was devised in order to determine the distribution of EECs within a colonic crypt. Positively stained cells were defined as being in the lower (1), middle (2) or upper (3) third of the crypt. A combined positional score was then calculated for each EEC subtype; the higher the score equating to a higher position in the crypt. The counts were then recorded in an Excel 2013 database (Microsoft®, Washington, USA). In order to assess intra- and inter-observer reliability of the scoring technique, I scored 50 randomly selected hemi-crypts and compared these scores with RN’s scores. The number of positive cells and total number of cells were assessed to test whether positive cells were identified consistently and whether crypt cellularity varied between scorers. The agreement between the two scorers was assessed using a two-way single measure intra-class correlation co-efficient (ICC).

Figure 4.1: Colonic crypt scoring. This screenshot demonstrates the technique used for crypt scoring. NIS-Elements software (Nikon, Kingston, UK) was used to manually count negative and positively stained cells in hemi-crypts. This example demonstrates the cell counts for hemi-crypt number 3 (HC3) and hemi-crypt number 4 (HC4).

4.3.6	Data analysis
[bookmark: OLE_LINK4]I performed a visual assessment of the staining providing descriptive analysis of the morphology and distribution of EEC subtypes. Findings were confirmed by a consultant histopathologist (JB). The number of cells per crypt was used as an outcome measure rather than percentage of positive cells per crypt. Quantitative statistical tests were then employed using SPSS for Windows version 20.0 (IBM Corp, New York, USA). The appropriate statistical test used has been stated in each results section. The level of significance was set at P < 0.05 (* P < 0.05, ** P < 0.01, *** P < 0.001, **** P <0.0001). Statistical support and advice was kindly provided from University of Sheffield Maths and Statistical Help (MASH) service.  
4.4	Results
4.4.1	Morphology and distribution of EECs in normal and neoplastic colonic epithelium

Enterochromaffin (CgA+) cells

CgA+ staining was seen in a small number of singly dispersed well-defined cells most often located in the lower half of the crypt, with morphology and distribution consistent with EC cells. Staining appeared granular and sub-nuclear. CgA+ cells were often situated more basally than the surrounding colonocytes (see figure 4.2). The morphology and distribution of cells did not appear to be altered in the field. However, in the adenoma and cancer biopsies CgA+ staining appeared altered. While the crypt architecture was lost in the neoplastic epithelium, CgA+ staining remained localised to occasional singly dispersed cells. The number of CgA+ cells appeared depressed in adenoma and adenocarcinoma biopsies compared to non-neoplastic epithelium (see figure 4.3).
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Figure 4.2: CgA staining in normal colonic epithelium. This reveals typical EC distribution (A) with distinctive subnuclear granular staining in pyramidal shaped cells with apical processes extending toward the lumen (B and C). Fig 4.2A x20 magnification, figs. 4.2B and C x40 magnification.
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Figure 4.3: CgA staining in colonic adenocarcinoma. Representative sections (A-D) demonstrate that although crypt architecture is lost, CgA+ staining remains localised to singly dispersed cells. x20 magnification.

L-cells (GLP-1+)
The morphology and expression of GLP-1+ cells in normal colonic epithelium has been described in section 2.4.2 earlier in this thesis. Cellular staining within the field biopsies appeared normal in both morphology and distribution, although an increase in non-specific granular staining at the luminal epithelial surface was noted in a number of field biopsies (see figure 4.4). This staining pattern appeared to occur in the field of patients with neoplastic lesions and was not apparent in mid-sigmoid biopsies of lesion free patients. This observation plausibly reflected a genuine change in protein expression. All sections stained for GLP-1 were examined further (see table 4.3) and it was found that the luminal epithelial staining pattern did not occur at greater frequency in the contralateral field biopsies compared to the mid-sigmoid in adenoma and adenocarcinoma groups. The luminal surface staining was also seen in 5.6% of mid-sigmoid biopsies in lesion-free patients, however this occurred at a much lower frequency than in the contralateral field and lesion biopsies in neoplastic where over half (55.7%) of the biopsies demonstrated increased luminal epithelial staining.

[image: C:\Users\jonnywild\Desktop\Untitled (2).png]





Figure 4.4: GLP-1 staining in the contralateral field of an adenoma compared with normal colonic epithelium. Surface staining of the luminal epithelium in the contralateral field is demonstrated, compared with an absence of luminal staining in the mid-sigmoid epithelium in a lesion-free patient. x20 magnification.


	Luminal surface staining present?
	Lesion free patients 
	Adenoma
	Adenocarcinoma

	
	MS
	MS
	CO
	MS
	CO

	Yes
	3 (5%)
	11 (22%)
	13(22%)
	6 (33%)
	4 (22%)

	No
	53 (93%)
	27 (55%)
	20 (34%)
	7 (39%)
	7 (39%)

	Not assessable
	1 (2%)
	11 (22%)
	26 (44%)
	5 (27%)
	  (39%)



Table 4.3: Frequency of luminal epithelial staining with GLP-1. This table outlines the frequency of luminal epithelial staining seen in the mid-sigmoid and contralateral biopsies of the three diagnostic groups. MS= mid-sigmoid, CO = contralateral field.

GLP-1+ immunostaining within adenoma and adenocarcinoma biopsies became more markedly abnormal (see figures 4.5 and 4.6).  Where crypt architecture was maintained distribution appeared to be conserved although a number of GLP+ cells were observed in the underlying lamina propria within some cases. In 6 out of 15 biopsies a diffuse increase in staining was noted and suggestive of an increased GLP-1 expression.
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Figure 4.5: GLP-1 staining in colonic adenoma. Where crypt architecture was maintained distribution appeared to be conserved (A). However, although some individual cells remained definable, abnormal staining was seen where cellular morphology and crypt architecture is lost in the adenomatous tissue (B). Figure 4.5A x20 magnification, fig. 4.5B x40 magnification.
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Figure 4.6: GLP-1 staining in colonic adenocarcinoma. Figure A demonstrates diffuse staining with a small number of clustered GLP-1+ cells of undetermined morphology visible (red arrows). Figures B and C show opposing patterns with no staining seen in (B)r and generalised granular staining in (C). x40 magnification.
D-cells (SST+)
The staining pattern of SST in the normal colonic epithelium is described in section 2.4.3. SST immunostaining in the contralateral field was similar to that of mid-sigmoid biopsies in lesion-free individuals, with individually dispersed cells displaying slim apical processes and targetoid features placed basally within the crypts. Where crypt architecture was preserved, SST staining within adenoma biopsies also demonstrated a similar pattern. However as crypt architecture became abnormal SST immunoreactivity was reduced with pale staining (see figure 4.7).
In adenocarcinoma sections, SST immunoreactivity was markedly reduced when compared to non-neoplastic epithelium. On the occasion when staining was present it was observed in small singly dispersed epithelial cells (see figure 4.8).
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Figure 4.7: SST staining in colonic adenoma. Normal expression of SST is seen in microscopically normal crypts (A).  In the abnormal more disorganised crypts in the adenomatous epithelium (B) immunoreactivty of SST is reduced with pale staining suggesting reduced levels of expression. X20 magnification.
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Figure 4.8: SST expression in colonic adenocarcinoma. Reduced levels of SST immunoreactivity are seen, demonstrated by occasional non-specific background staining at the section edge (A) or by small singly dispersed epithelial cells in disorganised crypts (B). x40 magnification.

4.4.2	Crypt scoring and intra & inter-observer reliability

Due to the disrupted crypt architecture in adenomatous and malignant epithelium and infrequency of positive staining cells, scoring of positive cells was not possible in biopsies taken from the lesion themselves. Therefore quantitative analysis of cell counts was performed on mid-sigmoid and field biopsies only.
Both intra- and inter-observer scores showed significant and strong agreement with each other at over 0.8 (see table 4.4).

	
	Correlation
	P value
	95% CI

	Intra-observer reliability
	0.884
	<0.0001
	0.806<x>0.932

	Inter-observer reliability
	0.829
	<0.0001
	0.720<x>0.898



Table 4.4: Intra- and inter-observer scores. Intra-class correlation co-efficient (ICC) test demonstrates the strength of agreement between observers. Calculation based on comparison of scores of 50 randomly selected hemi-crypts.




4.4.3	Alterations in ECC population at the mid-sigmoid with disease    
              progression

Significant alterations of EEC populations between normal and neoplastic epithelium were observed.  The cell counts of GLP-1 and SST at the mid-sigmoid colon increased from normal to adenoma to adenocarcinoma (GLP-1, P=0.019, SST, P=0.034). Figure 4.9 demonstrates this linear relationship between GLP-1+ and SST+ cell counts through disease progression. CgA cell counts significantly increased comparing normal to adenocarcinoma (P=0.0008), however CgA expression decreased in the mid-sigmoid of adenomatous tissue. 
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Figure 4.9: Bar chart comparing EEC expression in the mid-sigmoid in lesion-free, adenoma and adenocarcinoma patients.  Kruskal-Wallis test was performed to assess the differences in the number of EEC cell types across the three diagnostic groups. Error bars represent 95% confidence intervals. Horizontal bars show statistically significant differences. *** = P<0.001, *= P< 0.05


4.4.4	Alterations in ECCs in the contra-lateral field

A significant decrease in SST+ cell number was demonstrated in the contralateral field biopsies in adenomas compared with normal (control) mid-sigmoid biopsies taken from the same patients (P=0.012). A non-significant decrease in cell number of GLP-1+ and CgA+ cells was also noted (see figure 4.10).
No significant differences were seen in EEC expression between mid-sigmoid and field biopsies in the adenocarcinoma group (see figure 4.11). However if data from adenoma and adenocarcinoma patients was combined a significant decrease (P=0.003) in SST+ cell numbers in the field biopsies contralateral to a neoplastic lesion was observed.
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Figure 4.10: Bar chart comparing EEC expression in the adenoma field with mid-sigmoid control. A paired t-test was performed to assess the differences between mean number of positive cells per biopsy of the three ECC subtypes between contralateral and mid-sigmoid biopsies in patients with adenomas.  Error bars represent 95% confidence intervals. Horizontal bars indicate significant results. *=P<0.05.
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Figure 4.11:  Bar chart comparing EEC expression in the adenocarcinoma field with mid-sigmoid control. A paired t-test was performed to assess the differences between mean number of positive cells per biopsy of the three ECC subtypes between contralateral and mid-sigmoid biopsies in patients with adenocarcinoma. Error bars represent 95% confidence intervals. No significant difference were seen.

4.4.5	EEC population dynamics
A significant correlation was observed between the number of GLP-1+ and SST+ cells at the mid-sigmoid in lesion-free, adenoma and adenocarcinoma patients (see tables 4.5-4.7). 
There was no statistical relationship between CgA+ and SST+ cell counts in the mid-sigmoid biopsies across all patient group. Similarly, no relationship was seen between CgA+ and GLP-1+ cells form the mid-sigmoid in adenoma patients, however in adenocarcinoma patients a significant relationship was encountered between CgA+ and GLP-1+ cell counts at the mid-sigmoid.
At the field contralateral to neoplastic lesions, alterations in EEC dynamics were observed. In the adenoma field, the significant relationship between GLP-1+ and SST+ cell numbers was maintained, as did the non-correlation between CgA+ and SST+ cell counts. However, a significant relationship between CgA+ and GLP-1+ cell counts was now observed in field contralateral to the adenoma.
In the adenocarcinoma field, the relationship between GLP-1+ and SST+ cell counts in mid-sigmoid controls in all patient groups, and from contralateral adenoma field biopsies, was now lost. A significant relationship between CgA+ and SST+ not seen in any other biopsy site was now observed in the cancer field, with the similar relationship between CgA+ and GLP-1+ cell counts observed in the adenoma field also seen in the adenocarcinoma field.

	Lesion free patients (mid-sigmoid)

	ECC dynamic
	R
	P

	GLP-1+ ↔  SST+
	0.497
	0.00013 ***

	CgA+    ↔  GLP-1+
	0.223
	0.105

	CgA+    ↔ SST+
	0.154
	0.267



Table 4.5: The relationship between the three EEC subtypes in crypts at the mid-sigmoid colon in lesion-free patients. Pearson’s correlation. ***=P<0.001


	Adenoma patients (contralateral field)

	ECC dynamic
	R
	P

	GLP-1+ ↔  SST+
	0.431
	0.0061 **

	CgA+    ↔  GLP-1+
	0.531
	0.0091 **

	CgA+    ↔ SST+
	0.191
	0.382





	
	Adenoma patients (mid-sigmoid)

	ECC dynamic
	R
	P

	GLP-1+ ↔  SST+
	0.427
	0.0038 **

	CgA+    ↔  GLP-1+
	0.291
	0.125

	CgA+    ↔ SST+
	0.257
	0.178





Table 4.6: The relationship between the three EEC subtypes at the mid-sigmoid colon and in the contralateral field in adenoma patients. Pearson’s correlation. **=P<0.01



	Adenocarcinoma patients (mid-sigmoid)

	ECC dynamic
	R
	P

	GLP-1+ ↔  SST+
	0.609
	0.021 *

	CgA+    ↔  GLP-1+
	0.819
	0.0003 ***

	CgA+    ↔ SST+
	0.301
	0.296

	Adenocarcinoma patients (contralateral field)

	ECC dynamic
	R
	P

	GLP-1+ ↔  SST+
	0.431
	0.123

	CgA+    ↔  GLP-1+
	0.621
	0.017 *

	CgA+    ↔ SST+
	0.656
	0.007 **



Table 4.7: The relationship between the three EEC subtypes at the mid-sigmoid colon and the contralateral field in adenocarcinoma patients. Pearson’s correlation. *=P<0.05, **=P<0.01, ***=P<0.001

4.4.6	Position of EEC subtypes within the colonic crypts
In lesion-free patients, SST+ cells were found to occupy a lower position in the crypt compared to GLP-1+ cells and CgA+ cell subtypes (median position score = 1.04 vs. 1.56 vs 1.154, P<0.0001). This relationship was maintained in mid-sigmoid biopsies in adenoma patients (median position score = 1.42 vs 1.58 vs 1.61, P=0.004). However in the mid-sigmoid biopsies in patients with adenocarcinoma and in contralateral field biopsies in adenoma and adenocarcinoma patients, there was no difference observed in ECC subtype position. 
4.4.7	Crypt cellularity
Difference in cellularity in the field
There was a significantly greater number of cells in contralateral biopsies compared to mid-sigmoid biopsies in the adenocarcinoma group (mean difference 3.9 cells [SD 7.7-0.3] P=0.037). There was no difference in cell numbers seen between the mid-sigmoid and field in the adenoma group (mean difference 1.6 [SD 3.7-0.6] P=0.15).



Cellularity and EEC expression
A positive correlation between GLP-1 expression and crypt cell numbers was observed (r=0.267, P=0.012).  No such relationship existed for CgA (r=0.272, P=0.056) and SST (r=0.211, P=0.062).

4.4.8	Influence of SCFA level on ECC expression

SCFA levels
	
	Butyrate 
mmol/L
	Propionate 
mmol/L

	Acetate 
mmol/L

	Mean
	5.7  
	6.8
	24.6

	 Minimum
	0.6
	0.5
	5.6

	Maximum
	22.0
	25.6
	63.7

	SD
	4.49
	5.01
	13.61


The concentrations of butyrate, propionate and acetate, in 80 patients, are described in table 4.8 below.

 Table 4.8: Faecal SCFA levels in all patients. (SD = standard deviation).










Relationship of SCFA levels with age and body mass index
A significant negative correlation between all three SCFAs and age was observed, with older patients having lower concentrations of faecal SCFAs than younger patients (see figure 4.12). No relationship with SCFA concentration and BMI was evident. 
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	Butyrate
mmol
	Propionate
mmol
	Acetate
mmol
	Total SCFA
mmol

	r
	-0.302**
	-0.258*
	-0.373**
	-0.334**

	P
	0.006
	0.019
	0.001
	0.002








Figure 4.12: Age and faecal SCFA concentration. Scatter plot and table demonstrating a negative correlation with age and total faecal SCFA concentration (mmol/L). The Pearson’s coefficient revealed strong correlations with age and SCFA concentration.

SCFA levels in diagnostic groups
There was no relationship observed between SCFA concentrations (both individually and in combination) across the three diagnostic groups (see table 4.9 and figure 4.13). 
	
	Butyrate mmol/L
	Propionate mmol/L
	Acetate mmol/L
	Total SCFA mmol/L

	R
	-0.147
	-0.066
	-0.086
	-0.090

	P
	0.188
	0.554
	0.441
	0.426



Table 4.9: SCFA concentrations across the diagnostic groups. Spearman’s rank tests comparing mean SCFA concentrations across all patients. No difference were seen between the three diagnostic groups.
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Figure 4.13: Bar chart comparing faecal SCFA concentrations across the three diagnostic groups. This figure demonstrates no difference in total mean concentration of the three main SCFAs (butyrate, propionate and acetate) across the three diagnostic groups (normal, adenoma, adenocarcinoma).

Influence of SCFAs on colonic crypt cellularity
A positive correlation was seen between crypt cellularity and butyrate concentration, but only in lesion-free patients (see table 4.10). There was no association between propionate and acetate concentrations and crypt cellularity.
	
	Normal
	Adenoma 
	Adenocarcinoma

	
	r
	P
	r
	P
	R
	P

	MS
	0.203
	0.036*
	-0.010
	0.930
	-0.101
	0.601

	CO
	-
	-
	0.030
	0.805
	-0.143
	0.467

	Combined
	-
	-
	0.016
	0.844
	-0.118
	0.387



Table 4.10: Relationship between crypt cellularity and butyrate across the diagnostic groups. Spearman’s correlation. *= P < 0.05.



Influence of SCFAs on EEC population in lesion-free epithelium
No significant relationship was observed between the concentrations of the three SCFA and the EEC subtype populations in the mid-sigmoid biopsies in the lesion-free group. No correlation between SCFA concentration and the position of the EECs in the colonic crypts was observed.
Influence of SCFAs on EEC population in neoplastic epithelium
Changes in relationships between SCFAs and EEC subtypes between the mid-sigmoid and contralateral field in patients with adenomas was observed (see table 4.11). 
Significant results were seen in the adenoma group. While there were no significant correlations between GLP-1 and SST and the three SCFAs in the mid-sigmoid, there was a significant positive correlation seen between GLP-1 expression at the adenoma field and levels of butyrate (r=0.424, P=0.035), propionate (r=0.475, P=0.014) and acetate (r=0.459, P=0.018). A significant positive correlation between SST and butyrate was also demonstrated in the adenoma field.
A weak inverse correlation was seen between CgA and butyrate only in the mid-sigmoid in the adenoma group. This relationship was lost in the field (see table 4.11). 
No significant correlations were observed between the EEC subtypes and SCFA concentrations in either the mid-sigmoid or field in the adenocarcinoma group.






	Adenoma
	Mid-sigmoid
	Contralateral field

	
	Butyrate 
mmol/L
	Propionate mmol/L
	Acetate mmol/L
	Butyrate 
mmol/L
	Propionate mmol/L
	Acetate mmol/L

	CgA
	r
	-0.399
	-0.223
	-0.242
	-0.123
	-0.146
	-0.100

	
	P
	0.035*
	0.253
	0.215
	0.585
	0.517
	0.658

	GLP-1
	r
	0.031
	0.212
	0.093
	0.424
	0.475
	0.459

	
	P
	0.869
	0.260
	0.620
	0.035*
	0.014*
	0.018*

	SST 
	r
	0.004
	0.035
	0.018
	0.358
	0.371
	0.372

	
	P
	0.983
	0.863
	0.928
	0.045*
	0.081
	0.080

	

	Adenocarcinoma
	Mid-sigmoid
	Contralateral field

	
	Butyrate 
mmol/L
	Propionate mmol/L
	Acetate mmol/L
	Butyrate 
mmol/L
	Propionate mmol/L
	Acetate mmol/L

	CgA
	r
	-0.045
	-0.195
	-0.074
	0.164
	-0.226
	0.366

	
	P
	0.903
	0.566
	0.828
	0.650
	0.503
	0.268

	GLP-1
	r
	0.013
	0.031
	0.342
	0.107
	0.553
	0.423

	
	P
	0.973
	0.523
	0.333
	0.801
	0.123
	0.257

	SST 
	r
	0.022
	0.019
	0.291
	0.104
	0.052
	0.303

	
	P
	0.956
	0.962
	0.415
	0.775
	0.078
	0.365



Table 4.11: Influence of SCFAs on EEC populations. Correlations between the concentrations of the three SCFAs with mean cell counts of the three EEC subtypes in adenoma and adenocarcinoma (using Pearson’s correlation) groups. Relationships between EEC subtypes and SCFAs are demonstrating, comparing changes at the mid-sigmoid to the contralateral field. *= P< 0.05.





4.5	Discussion
The results described above confirms the hypothesis that EEC number are altered in the neoplastic colonic epithelium compared with lesion-free epithelium. Field effects were demonstrated with pertubations in EEC numbers observed in the epithelial field around neoplastic lesions. An altered relationship between SCFA concentrations and EEC number in the adenoma field was also demonstrated. 
4.5.1	ECC dynamics
In the normal colonic epithelium positively stained cells were singly dispersed, consistent with previous reports and supporting the theory of the Notch pathways inducing lateral inhibition of differentiating EECs (Schonhoff, Giel-Moloney et al 2004). The analysis of EEC population dynamics are summarised in figure 4.14. 
Here I have demonstrated that a strong relationship of D- and L-cell expression exists in the normal epithelium, with significant relationships seen between these two EEC subtypes seen in the mid-sigmoid biopsies in all three patient groups. This relationship was maintained in the adenoma field but was lost in the adenocarcinoma field. This finding supports previous work which has proposed a mechanism of shared cell lineage between L- and D-cells (Beucher et al., 2012, Ye and Kaestner, 2009) and also supports the use of mid-sigmoid biopsies as a control. Ye and Kaestner (Ye and Kaestner, 2009) demonstrated that intestinal-specific deletion of Foxa1 and Foxa2 alters the differentiation of L- and D-cells with the helix transcription factors Foxa1 and Foxa2 found to be acting upstream of additional transcription factors ISL-1 and Pax6 to control L- and D-cell differentiation in both the small and large intestine. Based on their comprehensive analysis of EECs in the small intestine, utilising knockout mice and lineage tracing processes, Beucher et al (Beucher et al., 2012) also theorised that L- and D-cells may share a common progenitor with their differentiation influenced by the antagonistic effects of the factors Pax4 and Arx. It may be that L- and D-cells are concomitantly expressed due to physiological factors. L- and D-cell products, GLP-1 and SST respectively, act in different ways to slow down digestion, whereas the EC cell product 5-HT increases colonic motility and gastric emptying (Gunawardene et al., 2011). GLP-1 and SST are produced in response to luminal load and it may be that patient specific factors, such as diet, the microbiome and colonic transit favour concomitant L- and D-cell expression.
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Figure 4.14: Summary of EEC dynamics. The relationships between the three EEC subtypes in mid-sigmoid biopsies in lesion-free patients and in mid-sigmoid and field biopsies in adenoma and adenocarcinoma patients are illustrated. A relationship between L- and D-cells in evident however this is lost in the adenocarcinoma field. Relationships between EC cells and L- and EC and D-cells appear in the neoplastic field suggesting an alteration in EEC differentiation pathways. =significant correlation, X= no correlation.


Additionally, I demonstrated that in the normal colonic epithelium D-cells appear to occupy a lower position in the colonic crypts than L- and EC cells. The majority of EEC complete the differentiation process within the crypt and migrate towards the luminal epithelial cuff where they are eventually shed. It has been noted previously, in the small intestine, that a small population of EEC migrate down towards the bottom of the crypt (Bjerknes and Cheng, 1981, Sei et al., 2011). Paneth cells, normally found in the small intestine, are also noted to migrate downwards and reside in the lower crypt where they are now thought to play a role in the protection of nearby stem cells (Elphick and Mahida, 2005). It is therefore not unreasonable to hypothesise that the D-cells, because of their lower position in the crypt may also play a role in stem cell biology. 
In the normal epithelium, a significant relationship was seen between L-cell counts and cellularity. It has been recently demonstrated that activation of GLP-1 receptor signalling promotes gut growth and crypt fission with loss of GLP-1R signalling reducing growth in models of gut hyperplasia (Koehler et al., 2015). In L-cells, GLP-1 also colocalises with GLP-2, which itself is a potent proliferative factor of intestinal epithelial cells (Jasleen et al., 2002). Interestingly, no relationship was observed between cellularity and D- or EC cells. I would have expected D-cells to correlate negatively with cellularity due to SST’s anti-proliferative properties (Leiszter et al., 2015), however this was not observed.
4.5.2	Altered expression of EECs in neoplastic lesions
In the neoplastic colonic epithelium, alterations in the expression of all three EEC subtypes were observed in the adenoma and adenocarcinoma lesion biopsies with a reduction in EEC numbers. This relationship appeared most marked for D-cells. Where EECs were present, their morphology resembled that of the surrounding epithelium by both appearing normal in morphologically normal areas of epithelium and also demonstrating pleomorphism in neoplastic epithelium. However, the finding of a depression in EEC population in neoplastic tissue must be made with caution. Due to the disrupted crypt architecture it was not possible to reliably quantify the number of positive cells in the lesion biopsies as per my scoring criteria. Therefore this finding, based on IHC, is subjective. Quantifying changes in EEC numbers in neoplastic colonic epithelium would require isolating EEC and utilising flow cytometry to count cell populations. However this technique would be very difficult to perform reliably, due to the relative small population of EECs (see discussion in chapter 3).
There was an increase in granular staining at the luminal epithelial surface, noted in 57.6% of sections (in mid-sigmoid, field and lesion) from adenoma and adenocarcinoma patients, compared with 5.6% of mid-sigmoid sections in normal patients. This may represent a pan-colonic increase in GLP-1 expression in patients with neoplastic lesions. However this interpretation must also be made with caution. Again, these findings are subjective or may simply represent non-specific background staining. This staining pattern was also present in normal mucosa, although in a much smaller number of lesion-free patients. To investigate if there is an increased expression of GLP-1 in neoplastic colonic epithelium then other proteins methods, such as Western blots, comparing GLP-1 expression in neoplastic colonic mucosa with non-neoplastic colonic mucosa would be required. However, such techniques require fresh tissue which was not available for this project.
Alternatively, tissue microarray (TMA) technology could provide an effective approach to quantify EEC marker expression in colorectal cancer specimens. TMA is a high-throughput molecular biological technique that enables large-scale analysis using IHC or fluorescence in situ hybridization (FISH) on hundreds of tissue samples simultaneously (Koo et al., 2019). Significantly more specimens would have to be collected prospectively for me to apply this technique to my research questions in this thesis, however this approach would also provide a sufficient number of samples with associated clinical data to power an investigation into other aspects such as whether the stage of colorectal cancer correlates with EEC expression.
4.5.3	Comparing my findings with the published literature
There are a limited number of reports in the literature investigating IHC staining patterns of EEC markers in CRC. In the studies where neoplastic epithelium has been compared to normal controls a decrease in CgA expression was noted in colonic neoplasia, in keeping with the results in my study. Ho et al first observed a decrease in CgA expression in neoplastic colonic epithelium compared with normal epithelium with CgA reactive cells identified in 31% of colonic adenomas and 33% of carcinomas examined (Ho et al., 1989). Ferraro et al also found that CgA was expressed in discrete cells with diffuse staining noted in 16% of colonic cancer specimens analysed (Ferrero et al., 1995). Gulubova et al observed a similar pattern of CgA expression in 34% of CRC specimens examined (Gulubova and Vlaykova, 2008), although in both these studies the findings were not compared to lesion-free controls. Although investigating gastric mucosa, Ikeda et al reported a depression of CgA positive cells in gastric adenocarcinoma compared with normal mucosa (Ikeda et al., 1995).
SST is well established as having an anti-proliferative effect (Leiszter et al., 2015). Previous IHC studies support my findings of a decrease in SST expression in neoplastic colonic epithelium (El-Salhy et al., 1998, Seretis et al., 2004). More recently, Leiszter et al have demonstrated reduced SST mRNA expression in CRC patients in addition to a decrease in SST immunoreactive cells, suggesting that reduced epithelial SST production may contribute to the accelerated and deregulated cell proliferation in CRC. These findings are consistent with the inhibition of cancer cell growth along with the induction of apoptosis observed with octreotide treatment (Leiszter et al., 2015). Evangelou et al have also demonstrated reduced expression of SST receptor subtypes 2 and 5 with CRC stage (Evangelou et al., 2012)
There are inconsistent reports of GLP-1’s role in CRC. GLP-1R has been found to be expressed in some but not all CRC lines (Vangoitsenhoven et al., 2012) and some reports have concluded that GLP-1 promotes colorectal carcinogenesis, whereas others believe GLP-1 to inhibit colon tumour growth (Koehler et al., 2011). Recent years have seen an increase in the use of incretin-based anti-hyperglycaemic agents, such as GLP-1R agonists, as second line therapies in the management of type 2 diabetes. There have been concerns over findings in mouse models where a GLP-1R agonist increases mucosal expansion and colonic polyp growth (Koehler et al., 2015).  Although a population-based cohort study in the USA of 5600 patients using GLP-1R agonists did not show any increased short term CRC risk, the study was limited by the short duration of treatment and a short follow-up period of only 6 months (Htoo et al., 2016). There are no published reports of GLP-1 staining in CRC tissue and a single study has reported no expression of GLP-1R in human adenocarcinoma biopsies (Korner et al., 2007). An IHC study investigating GLP-2 receptor (GLP-2R) expression in patients with colorectal neoplasia revealed similar staining patterns as my data on GLP-1 expression (Bengi et al., 2011). Bengi et al took biopsies of normal tissue neighbouring the cancerous lesion or polyps (ie. the ‘field’) in order to act as control tissue. GLP-2R was expressed in a normal EEC-like pattern in the field yet GLP-2R staining was absent in adenomas with increased diffuse staining in 20% of adenocarcinoma specimens.  A similar dysregulated staining pattern was seen in previous work when staining colonic neoplasms for NRP-1 (Staton et al., 2013), supporting my finding that NRP-1 is expressed by L-cells and that NRP-1 expressing EECs may play a role in colorectal carcinogenesis. 
4.5.4	Further evidence of field effects in colorectal carcinogenesis
This chapter has revealed more evidence to support the theory of field cancerisation (Slaughter et al., 1953). Field effects were observed both in the adjacent field to the lesion with wider pan-colonic field changes observed. Although there were no differences seen in the morphology and distribution of EECs in the lesion field, alterations in EEC population numbers were seen in the contralateral field biopsies when compared with mid-sigmoid controls. Increased cellularity was also observed in the field biopsies compared with the mid-sigmoid. My data also suggests a wider, pan-colonic, field change may be associated with the presence of a neoplastic lesion, as alterations in mid-sigmoid controls were demonstrated in patients with neoplastic lesions elsewhere in the colon compared with mid-sigmoid biopsies from lesion-free patients. 
The relationship seen between L- and D cells in the normal epithelium was lost in the adenocarcinoma field. Conversely, additional changes in cell dynamics were observed in the field that were not present in normal epithelium with a positive correlation seen between EC and L cell counts in both adenoma and adenocarcinoma fields. This data indicates a change in EEC differentiation pathways in neoplastic mucosa. This may be due to a factor or factors produced by the adenoma or adenocarcinoma that promotes a shared differentiation pathway between EC and L-cells and alters the shared differentiation pathway of L- and D cells seen in normal epithelium. In this respect it is interesting to note that the Insm1 transcription factor has been shown to promote both EC and L-cell expression in studies on Insm1 mutant mice (Gierl et al., 2006).
A significant reduction in D-cell numbers was observed in the lesion field, which is consistent with the finding of Seretis et al who observed low SST expression in ‘mirror biopsies’ of colorectal adenocarcinoma (Seretis et al., 2004). A reduction of SST expression may result in a flattening of SST’s anti-proliferative influence in the epithelial field surrounding a neoplastic colonic lesion. In normal epithelium, D-cells were found to occupy lower positions in the colonic crypts. This arrangement was lost in the lesion field indicating that organisation of the crypt structure becomes compromised in early carcinogenesis.
4.5.5	A pan-colonic field effect?
Changes in EEC populations were noted in the mid-sigmoid biopsies across the three diagnostic groups. This finding suggests a pan-colonic field effect whereby alterations in EEC populations are not limited to the immediate lesion field, but that the presence of a neoplastic lesion – either an adenomatous polyp or invasive cancer – may produce an alteration in EEC numbers throughout the colon. A similar phenomenon has been observed in mice with xenografted colorectal tumours, with alterations in EEC numbers in the colorectal mucosa distant from the tumour site (Cho et al., 2008).
A linear increase in L- and D-cells was seen at the mid-sigmoid colon in normal to adenoma and then adenocarcinoma groups. The effect was more pronounced with D-cells. A non-linear difference in CgA immunoreactivity was seen with EC cell numbers falling significantly in the mid-sigmoid colon of the adenoma group compared to lesion-free patients. However, in adenocarcinoma patients, EC cells number rose higher than that seen initially in the lesion-free group. One explanation for this is that selective promotion of the L- and D-cell lineages may be due to factors secreted by adenomas, resulting in a corresponding reduction in EC cell numbers.
4.5.6	The influence of SCFAs on EEC populations
No differences were observed between SCFA levels across the three diagnostic groups. Likewise no correlation between faecal SCFA level and EEC numbers was seen in lesion-free patients. This is in contrast to previous studies which have demonstrated altered SCFA content in CRC patient compared with healthy volunteers (Weir et al., 2013). Previous work in the Corfe group identified a weak inverse correlation with EC cells and butyrate in the mid-sigmoid of patients with adenomas (Yu et al., 2011), although no other studies have attempted to investigate EEC pertubations with SCFA levels in vivo. There appears to be stronger evidence of a relationship between fibre and L-cells in the literature, although inconsistent reports of alterations in EEC population in response to dietary fibre may reflect difficulties in investigating EECs. Studies suggest that rats fed with high fibre diets results in an increase in the L-cell population (Kaji et al., 2011, Zhou et al., 2008) however similar studies have noted an increase in colonic EC cells and not L-cells (Sharma and Schumacher, 1996) and a decline in EEC numbers in small intestine with an increase in dietary fibre (McCullogh et al., 1998). 
No significant correlations were found between EEC subtypes and SCFAs in either the mid-sigmoid or field in the adenocarcinoma group, although the EC cell population again appeared to have a negative relationship with SCFAs. With only 16 patients included in the adenocarcinoma group the data may have been underpowered to detect any significant change. Overall this data indicates that SCFAs, particularly butyrate, act on L-cells and D-cells in the adenoma field but not in normal epithelium. The opposing way in which butyrate can act on normal versus neoplastic colonocytes, known as the “butyrate paradox” has been previously noted (Velazquez et al., 1996). Overall EEC expression is reduced in the lesion field, especially D-cells. Based on the assumption that reduced epithelial SST production may contribute to the accelerated and dysregulated cell proliferation in colorectal carcinogenesis, a speculative explanation of my findings may be that pre-neoplastic tissue in the field is sensitised to butyrate thereby promoting the anti-proliferative effects of SST in the dysplastic field in order to reduce the risk of progression to invasive malignancy.
Limitations exist in the use of faecal SCFA level as they may not reflect luminal SCFA content in the segment of colon where biopsies were taken. Measuring the level of SCFAs in vivo has been noted to be difficult (den Besten et al., 2013). The final SCFA content in a stool sample is dependent on several factors which may vary between patients, such as dietary fibre consumption, microbial activity and SCFA production, absorption of SCFA by colonocytes and colonic transit time. Although the range of SCFA concentration in this experiment reflects that reported in the literature (Cummings et al., 1987, Topping and Clifton, 2001, McOrist et al., 2011) the mean values of butyrate, propionate and acetate were all much lower than in previous reports. MBP, received by all patients prior to endoscopy, may have influenced the SCFA content in the stool samples received. It has been demonstrated that the gut microbiome is reduced following MBP taking on average fourteen days for bacterial counts being restored, although in some patients this took up to one month (Jalanka et al., 2015). In this study, stool samples were collected two weeks following endoscopy. This may not have given sufficient time for the colonic microbiome and therefore SCFA levels to be restored back to the patient’s normal levels, potentially explaining why the faecal SCFA levels in this study appear to be lower than SFCA levels reported in the literature. MBP also impacts on epithelial proliferation, so may influence EEC populations directly, and had been shown to decrease the intracellular transport of butyrate by downregulating MCT-1 in the colons of Sprague-Dawley rats (Brown et al., 2015). A further limitation to this study was that not all patients returned stool samples for SCFA analysis resulting in 35% of patients not having SCFA data available for analysis.
It was of interest that SCFA levels declined with age across the cohort of patients in this experiment. Although SCFA content was similar between age groups in previous study (Andrieux et al., 2002), the findings of an inverse correlation between age and faecal SCFA level is supported by a study investigating alterations in gut microbiota with age which demonstrated a reduction in butyrate-producing species in the older patients (Biagi et al., 2010). CRC is an age-related disease, thought to be due to the accumulation of mutations over time, and it has also been hypothesised that age-related changes in signalling pathways may suppress butyrate–mediated Wnt hyperactivation and apoptosis, leading to CRC risk (Bordonaro and Lazarova, 2015). A reduction in SCFA content of the faecal stream with age is therefore another factor to consider in further understanding the impact on age and CRC risk.
4.5.7	Conclusions
In general my results suggest that there is a decrease in EEC subtype populations in colonic adenomas and adenocarcinomas and within the epithelial field in close proximity to these neoplastic lesions, with a general increase, aside from EC cells in adenoma patients, in EEC subtype populations in the wider pan-colonic field away from the neoplastic lesion. The pertubations of EEC populations, particularly the depression of D-cells in neoplastic lesions and in their surrounding fields may represent a loss of anti-cancer mechanisms that EECs may offer in the normal epithelium. However, it must be added that while my data demonstrates correlations between EEC population numbers and SCFAs in normal and neoplastic epithelium, it does not prove any causation.
In conclusion, this chapter demonstrates that a disturbance in the colonic EEC system occurs in patients with colorectal carcinogenesis, indicating a potential important role of SST secreting D-cells, populations of which are suppressed in the lesion field where they have a positive correlation with butyrate. Analysis of EEC dynamics supports the concept that L- and D-cells share the same differentiation pathway which differs to that of EC cells. Colonic EC cells also appear to have a divergent response to SCFAs compared to L-and D-cells which exhibit positive correlations with SCFAs in the adenoma field. Certainly the role of EECs in colonic neoplasia appears complex and investigating EECs and colonic SCFAs in vivo remains a challenge. As technologies in faecal metabonomics and human EEC isolation and culture emerge, further research is merited to further characterise the role of EEC and SCFAs in colorectal carcinogenesis.





























Chapter Five:

THE INFLUENCE OF SCFAs ON COLONIC AFFERENT NERVE SENSITIVITY

5.1	Introduction
Afferent nerves not only convey information regarding physiology but they also signal pathophysiological processes from sensory organs in the periphery towards the CNS. Altered activity in mesenteric afferents therefore play an important role in the pathophysiology of visceral hypersensitivity and abdominal pain syndromes (Nullens et al., 2016). Controversy exists as to whether butyrate may cause colonic hypersensitivity (Kannampalli et al., 2011).  Although a study in human subjects demonstrated analgesic effects of topical butyrate instilled in the colon (Vanhoutvin et al., 2009), butyrate enemas administered to rats can result in colonic hypersensitivity and have therefore been used in models of IBS (Bourdu et al., 2005). It has been reported that sodium butyrate activates jejunal afferent nerves in rats, appearing to have a direct effect on afferent terminals (Lal et al., 2001), whereas studies on anaesthetised pigs demonstrated that SCFAs infused into the terminal ileum reduced or abolished mechanosensivity of ileal visceral afferents (Cuche et al., 2001).  
Colonic spinal afferents are known to respond beyond the physiological range and transmit both physiological and noxious levels of stimulation (Grundy, 2004). They are characterised by their response to colonic distention in vivo as either low-threshold or high threshold. Approximately two-thirds of spinal afferents are low-threshold, responding to distension pressures less than 10mmHg, whereas high threshold afferents respond to supraphysiological distension pressures greater than 30mmHg (Sengupta and Gebhart, 1994). This suggests that colonic afferent nerve activity plays an important role in gut sensation in both homeostatic and pathological processes.   In addition, greater than 95% of SCFAs that are found in the GI tract are created in and are immediately appropriated by the colon and therefore the influence of SCFAs on colonic afferent sensitivity is likely to be more physiologically important than the effect SCFAs may have on the small intestine. Despite these observations the effect of SCFAs on colonic afferent nerve firing has not been reported.
Given that EECs are known to act as luminal chemosensory tranducers and the short-chain fatty acid receptors FFA2 and FFA3 are expressed by EECs, SCFAs may signal via SCFA receptors (FFA2 and/or FFA3) on EECs resulting in the release of gut peptides that activate colonic afferent fibres in a paracrine manner. Alternatively, as has been indicated from previous work (Lal et al., 2001), SCFAs may act directly on the afferent nerve endings in the submucosa.
In addition to the potential influence of SCFAs on afferent sensitivity, Vanhoutvin and colleagues also demonstrated a reduction in colonic compliance in human subjects following butyrate enema treatment   (Vanhoutvin et al., 2009). Altered colonic compliance has been identified as a factor in the pathogenesis in diverticular disease (Mimura et al., 2002), with a heightened perception of colonic distension noted in patients with symptomatic uncomplicated diverticular disease compared with asymptomatic uncomplicated diverticular disease (Clemens et al., 2004).  In addition, colonic diverticulae have been found to be present in 42% of fibre-deficient rats compared to fibre-fed rats, with an associated decrease in stool SCFA concentration in the fibre-deficient rats (Wess et al., 1996). The influence of SCFAs on colonic wall compliance therefore warrants further investigation. 



5.2 Hypothesis and aims
I hypothesised that SCFAs influence colonic afferent nerve sensitivity, the null hypothesis being that luminally applied SCFAs have no effect on colonic afferent nerve activity in an in vitro mouse model.
To test this hypothesis the primary aims were to:
(a) investigate the effect of different concentrations of luminal applied butyrate, propionate and acetate (singly and in combination) on colonic afferent sensitivity by performing extra-cellular electrophysiological studies using an in vitro mouse model
(b) assess if SCFAs affect both chemosensitivity and mechanosensitivity 
(c) assess if SCFAs stimulate colonic smooth muscle contraction and if so to investigate if any effect of SCFAs on colonic afferent firing is independent of L-type calcium channel activation
(d) assess if SCFAs have a direct effect on nerve afferents by investigating the response of cultured DRGs to SCFAs using calcium imaging

The secondary aim was:
· to determine if SCFAs affect colonic compliance






5.3 Methods
5.3.1	Introduction
Mesenteric afferent nerve activity can be measured in vitro from an isolated mouse colon mounted in a purpose-built organ bath from which the LSN is isolated (Nullens et al., 2016). This permits a direct assessment of nerve activity adjacent to the colonic segment.  Afferent nerve activity can be recorded at baseline, during distension of the colon or following the addition of pharmacological agents delivered intraluminally or serosally. This technique thereby allows the study of the effects specific drugs may have on the peripheral nervous system and the affect certain disease states have on afferent neuronal activity.  
5.3.2	 Ethical approval and animals
All experiments were performed in accordance with the University of Sheffield's Animal Care Committee under a UK protocol and project licence (Project licence number: PPL 40/3430) following the UK Animals (Scientific Procedures) Act 1986. Male 8-10 week old (25-30g) C57BL/6 mice (Charles River, UK) were used throughout this study. All animals were housed on a 12 hour light–dark cycle in a temperature‐controlled environment (20.5°C) with ad libitum access to standard laboratory rodent chow and tap water. All animal husbandry followed principles of good laboratory practice in compliance with UK laws and regulations. A significant amount of methodological work-up, including refinement of technique and protocol development was required. Intestines were obtained from C57BL/6 mice whose tissue was already being harvested for other research purposes, in keeping with the principle of reduction (Russell, 1995).



5.3.3	Tissue preparation and equipment setup
Animals were killed by cervical dislocation, and their abdominal cavity opened and bathed in 4⁰C Krebs solution that was gassed with carbogen (95% O2, 5% CO2). 
The abdominal cavity was entered via a midline incision. The distal 6cm of the colorectum and attached mesentery was removed intact along with the attached neurovascular bundle containing the lumbar colonic nerves, the IMG and the LSN. This was removed en-bloc with the retroperitoneal structures and vertebral canal to aid dissection (see figure 5.1). Faecal matter was immediately carefully flushed from the colon with PBS until clear. The tissue was transferred to cold Krebs solution and, following further dissection, the intact colon along with the attached nerve supply was transferred into a Sylgard‐lined organ chamber (volume = 8 ml) which was continually superfused with gassed Krebs solution at a flow rate of 8 ml/min and maintained at 33–34°C. The colonic segment was securely attached with a 4-0 silk suture (Johnson & Johnson, UK) at either end to an input and outlet port. The input port was connected via a two-way tap to a Perfusor VI syringe pump which allowed continuous intraluminal perfusion of PBS at 0.2 ml/min through the colonic segment when the outlet port was open (see figure 5.2). Closure of the tap permitted distension of the colonic segment. The outflow port was connected in series to a pressure transducer (DTXTM plus DT-XX, Becton Dickinson, Singapore) to allow recording of intracolonic pressure both at rest and during distension.

[image: ]
Figure 5.1: Tissue preparation and mesenteric nerve dissection (A) The distal murine colon is removed with attached mesentery and retroperitoneal structures en-bloc. The tissue is then transferred to the organ bath where further dissection, under a dissecting microscope (B), identifies the neurovascular bundle (C) containing the inferior mesenteric ganglion (IMG) and the lumbar splanchnic nerve (LSN). It is the LSN trunk from which afferent nerve recordings are taken (yellow arrow). SMG= superior mesenteric ganglion, IMA= inferior mesenteric artery. Fig. C modified from: (Nullens et al., 2016).

[image: ]Figure 5.2: Schematic diagram representing an in vitro model for recording of colon afferent nerve firing. The oral end of the colon is attached to the inflow and syringe pump allowing infusion of PBS/SCFAs through the lumen of the colon. The outflow is attached to a pressure transducer to allow monitoring of intracolonic pressure. The lumbar splanchnic nerve (LSN) was identified, dissected and nerve bundles from the LSN inserted into a recording electrode. Action potentials generated were recorded using Spike-2 computer software.

[bookmark: OLE_LINK3]Under a dissecting microscope (Nikon, SMZ645), the LSNs were dissected away from the neurovascular bundle and the nerve sheath surrounding the LSN was stripped back gently in order to expose the nerve trunk. Using fine forceps the nerve trunk was teased apart into bundles. A nerve bundle was then drawn into a suction recording electrode (tip diameter 50-100µm) attached to a Neurolog headstage (NL100, Digitimer Ltd, UK), AC amplifier (NL104) and filter (NL125, band pass 300–4000 Hz) and captured by a computer via a Power 1401 interface and spike2 software (version 5.14, Cambridge Electronic Design, UK) (see figure 5.3).
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Figure 5.3: Suction electrode with isolated lumbar splanchnic nerve. Once dissected free a nerve bundle from the LSN is then drawn into a suction recording electrode (A) which has a tip diameter of 50-100µm. A photograph of the colonic mesentery (B), taken through the dissecting microscope, shows the LSN bundle drawn into the recording electrode. A small amount of adipose tissue is also drawn up into the tip of the electrode in order to aid reduction of background noise. 



Each colonic preparation was stabilised for at least 60 min before any experimental procedures were started. Colonic mechanosensitivity was examined via distending the intestinal segment by closing a tap attached to the outlet port. This allowed the colonic segment to be distended to an intraluminal pressure of 60 mmHg. The tap was then opened, returning the pressure to baseline. This procedure was repeated at regular intervals throughout the course of the experiment to test the reproducibility of the nerve response to ramp distensions and the response during test conditions. Afferent nerve preparations that failed to respond to the test stimuli or became unstable were discarded. SCFAs were luminally applied to the colonic segment via the input port and syringe pump. 
Nerve activity was recorded with a Neurolog headstage (NL100, Digitimer) and electrical signals amplified (NL104), filtered (NL125, band pass 200–3000 Hz) and acquired (20 kHz sampling rate) to a personal computer through a Micro 1401 MKII interface running Spike2 software (Cambridge Electronic Design, Cambridge, UK). Measures were taken throughout to ensure sufficient grounding of the suction electrode and recording chamber which was covered in a Faraday cage in order to minimise interfering electrical fields that could impede analysis of the afferent nerve activity. 
5.3.4	Experimental protocol for afferent nerve recording
[bookmark: OLE_LINK2]Multiunit nerve recordings were performed both at baseline and during colon distension (see figure 5.4). PBS was used to perfuse the colonic lumen and for the control distensions. Preliminary experiments demonstrated that consistent reproducible stable nerve recordings in excessive of 8 hours duration were obtained while perfusing the colonic lumen with PBS.
[image: ]

Figure 5.4: Schematic diagram representing the protocol used to record the intracolonic pressure and afferent nerve firing. Once the nerve preparation was deemed stable, the first four ramp distensions with PBS were used as controls. A SCFA was then luminally applied for 1000 seconds with four distensions performed, followed by a washout period with eight further distensions.

Through pilot experiments it was observed that the duration of onset of any effect on afferent nerve firing from SCFAs appeared to take several minutes. In order to ensure stable nerve recordings, ramp distension of the colonic segment was therefore required to be performed at regular intervals several minutes apart. A sufficient interval was also required for the afferent firing to return to baseline following distension, in addition to a period of recording at baseline in order to observe an effect on chemosensitivity at baseline prior to the subsequent ramp distension. It was therefore decided to perform the ramp distensions to 60 mmHg at 1000 second intervals with the SCFA infusion commenced immediately after the end of the preceding control distension. The SCFA treatment was then applied luminally for 4000 seconds over 4 ramp distensions in order to assess the effect of SCFA treatment on mechanosensitivity and compliance. An 8000 second washout period was then recorded. Following some SCFA treatments the firing rate failed to return to the baseline firing rate prior to treatment, indicating desensitisation. In addition to practical time constraints repeated treatments using the same nerve preparation were therefore not possible.
SCFA treatment were made up from sodium butyrate, sodium propionate and sodium acetate salts (Sigma-Aldrich, Dorset UK) and dissolved in PBS. I aimed to assess the effect of physiological concentrations of SCFAs on afferent discharge (AD). My decision on which concentrations of SCFAs to use in my study was based on the colonic concentrations of the three main SCFAs in rodent and human in vivo studies, as outlined in section 1.4.1 of this thesis. I was also informed by findings of pilot studies I had conducted where it was clear that there was no effect on colonic AD with 1mM doses of SCFAs. I also noted the findings of previous work where 10mM of butyrate was reported to activate jejunal afferent firing (Lal et al., 2001). I therefore applied the following SCFA treatments; butyrate 10mM, 30mM; propionate 10mM, 30mM; acetate 10mM, 30mM. I also assessed the effect of a SCFA mix (60:20:20 ratio of acetate, butyrate, propionate) at 10mM, 30mM, and at 100mM to assess if there was an additional effect at a supra-physiological concentration than that normally found in the left colon. Splanchnic afferent nerve recordings from five animals were obtained for each SCFA concentration.
As pH and osmolality can influence afferent nerve firing, the osmolality of all solutions was adjusted to 295-310 mOsm/kg and pH 7. Osmolality was measured using a freezing point osmometer (Advanced Micro Osmometer, Model 3300; Vitech Scientific Ltd, West Sussex, UK). 
5.3.5	Influence of SCFA on spontaneous contractions
Previous reports have demonstrated that SCFAs can stimulate colonic smooth muscle contraction (McManus et al., 2002). In vitro recordings of intraluminal pressure were performed in order to monitor the presence of colonic peristaltic motor complexes (CPMCs) in the mouse colon segments and to investigate the influence of luminally applied SCFAs on the CPMCs frequency.
As described previously (Keating et al., 2010), a 6cm segment of distal colon was placed in the organ bath as detailed above. The oral and aboral ends of the colon segment were securely attached to the input and output port of the organ bath, respectively. Motor activity was initiated in the colon segments by an infusion of PBS from the syringe pump until an intraluminal pressure of 5 mmHg was reached. This was achieved by elevating the level of the outflow to an appropriate height as to generate the constant intraluminal pressure of 5 mmHg.  Under such conditions, regular aborally propagating waves of contraction develop spontaneously and persist over time. These contractile waves were recorded as changes in intraluminal pressure and were termed CPMCs. 
After an equilibration period of approximately 60 mins to ensure CPMC activity had reached a consistent pattern in terms of amplitude and frequency the experimental procedure was started. Following a 30 minute control period, SCFA (30mM solutions of butyrate, propionate and acetate) were luminally applied to the colon segments over a 30 minute treatment period. The frequency of CPMC/min and amplitude of contractions (mmHg) were then measured.
If confirmed that SCFAs did influence CPMC frequency and contractility then the L-type calcium channel blocker nircadipine (3μml, added to both the intraluminal and organ bath perfusate throughout the experiment) would be required to inhibit smooth muscle activity in order to ensure that colonic smooth muscle contractility was not causing any interference with afferent nerve discharge when SCFAs were applied. 
5.3.6	Isolation and culture of dorsal root ganglia
Measuring afferent neuronal firing activity only constitutes one relay station in the complex neuronal signalling cascade. The cell bodies of the visceral sensory neurones reside in the DRG and therefore isolated and cultured DRG neurones can also be used to study the molecular mechanisms of nociception and peripheral sensitisation and to determine if SCFAs have a direct effect on neuronal excitation.
Following cervical dislocation, the spinal cord was dissected rapidly. The thoracic and abdominal organs were removed and two bilateral longitudinal incisions were made with scissors just lateral to the spinal column. The skull and tail were removed followed by the remaining paravertebral muscles to expose the spinal column.  Mouse DRGs from spinal levels T11-L2 (thoracolumbar) and L6-S1 (lumbosacral) were removed under a dissection microscope and transferred into cold Hanks′ balanced salt solution (HBSS; pH 7.4; Gibco Invitrogen). DRGs were initially digested with cysteine (0.7 mg ml−1, Sigma) and activated papain (4 mg ml−1, Sigma) for 20 min at 37°C followed by incubation with 4 mg ml−1 collagenase (Sigma) and 4.7 mg ml−1 dispase (Sigma) for 20 min at 37°C. Ganglia were then washed with Dulbecco's modified Eagle's medium (DMEM)–F12 tissue culture medium (Gibco) containing 10% fetal bovine serum (Gibco) to stop the enzymatic reaction. Following this stage they were then placed in 0.5 ml tissue culture media and dissociated into single cells by mechanical dissociation 10 times using a plastic Pasteur pipette. The dissociated DRG neurons were plated onto Matrigel‐coated coverslips and incubated for 24 h at 37°C.

5.3.7	Calcium-imaging
DRG neurons were loaded with 4 μM Fura‐2 AM (Life Technologies) for 30 min at 37°C in the dark. Coverslips were then transferred to a customised bath chamber (Series 20, Warner Instruments, Hamden, CT, USA) where they were continuously superfused with DMEM for 30 min at room temperature. DRG neurons were treated for 3 min with 3μM of SCFAs diluted into DMEM and applied via gravity perfusion. Changes in intracellular calcium [Ca2+]i were monitored in real time. Excitation lights were generated by an OptoLED light source (Cairn Research Limited, Faversham, UK) and Fura‐2 AM fluorescence was recorded using a digital camera (C4742‐95 Hamamatsu Corp., Sewickley, PA, USA), and acquired to a computer using SimplePCI software (version 6.6.0.0, Hamamatsu Corp.). [Ca2+]i mobilisation is represented as the ratio between the fluorescence signal at 340 nm and 380 nm. Responses to SCFAs were normalised against responses to the calcium ionophore ionomycin (5 μM).
5.3.8	Data analysis
Afferent nerve activity
[bookmark: OLE_LINK1]Multi-unit nerve AD was quantified using a spike processor, which counted the number of spikes that crossed a pre-set threshold, with the threshold level for spike counting set at the peak of the smallest identifiable spike. The mean firing frequency (impulses per second; imp s−1) was measured with a time constant of 10 s. Firing rates were measured using a bin width of 1 s. Baseline afferent activity was obtained by averaging the discharge in the 100 s period prior to each distension. The afferent response during distension was calculated by measuring the AD per second during various intracolonic pressures (0,5,10,15,20,25,30,35,40,45,50,55,60 mmHg). This value was then subtracted from the baseline firing to give measure of change in afferent response during distension. The mechanosensitivity at maximal ramp distension was calculated by subtracting the AD at 60mmHg from the mean baseline 100 s prior to the PBS control distensions. The stimulus–response curves (mean AD plotted against intraluminal pressure) were plotted using a customised script program (Cambridge Electronic Design, Cambridge, UK). Afferent nerve firing below a pressure of 20mmHg was defined as low threshold and nerve firing above 20mmHg defined as high threshold (see figure 5.5).
[image: C:\Users\jonnywild\Dropbox\Research\THESIS\Chapter 5\Pics\distension example.png]Figure 5.5: Analysis of afferent nerve activity. The afferent response during distension was calculated by measuring the AD per second during various intracolonic pressures (0,5,10,15,20,25,30,35,40,45,50,55,60 mmHg). This value was then subtracted from the baseline firing to give a measure of the change in afferent response during distension. Low threshold afferents are activated in the first phase (0-20mmHg) with high threshold afferents activated in the second phase.




Colonic Compliance
The colonic compliance was calculated from the increase in colonic volume as a function of intracolonic pressure [volume (µl) = Rate (µl min-1) x Time(s)].
The pressure and volume relationship was calculated at various intracolonic pressures during colon filling and determined from the rate of infusion (200µl/min) and the time (s) from the start of the infusion thereby representing a surrogate measure of compliance. This calculation was used to construct a pressure-volume xy plot.
5.3.9	Statistics
All statistical analyses were performed using Prism software (version 7.00; Graphpad Software, San Diego, CA, USA). All data are expressed as means ± 95% CI. Data were analysed using the Students t test and Mann Whitney U test, or by one‐ or two‐way ANOVA with additional post hoc tests performed as appropriate. The level of significance was set at P < 0.05 (* P < 0.05, ** P < 0.01, *** P < 0.001, ****<0.0001).














5.4	RESULTS
5.4.1	Methodology development and optimisation of techniques
Extracellular electrophysiological nerve recordings from colonic afferents are a technically demanding technique to master. Considerable practice was required in order to improve nerve dissection techniques in order to ensure stable, reproducible nerve recording. There was a steep learning curve, requiring approximately 8 months to develop my dissection skills and troubleshoot issues regarding the equipment set-up in order to consistently obtain the required standard of colonic afferent nerve recordings in order to then develop the experimental protocol.
5.4.2	Baseline activity and PBS time controls
Colonic afferent neurons exhibited a mean basal afferent activity of 8.99 ± 0.65 imp s−1 (n=12), which occurred in the absence of any changes in intraluminal pressure. Ramp distensions (0–60 mmHg) of colonic segments induced biphasic increases in afferent nerve discharge corresponding to the activation of low‐ and high‐threshold mechanosensitive afferent fibres. PBS time controls revealed consistent AD with repeated ramp distension every 1000s (see figures 5.6 and 5.7).



[image: ]

Figure 5.6: Biphasic increase in afferent discharge on ramp distension. A, ramp distension profile - arrow denotes start of ramp distension. B, nerve discharge rate. C, raw recording of whole nerve activity. D, Pressure-response profile of multi-unit AD during ramp distension with PBS. Mean with error bars representing 95% confidence intervals (n=12). 
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Figure 5.7: PBS time control recording. Ramp distensions of the colonic segment every 1000 seconds result in a consistent pattern of increased splanchnic nerve discharge, n=12. A, AD at 60 mmHg as a % of first control distension (C1). Mean with error bars representing 95% confidence intervals (n=5). B, ramp distension profile. C, nerve discharge rate. D, raw recording of whole nerve activity.






5.4.3	Influence of butyrate on colonic afferent sensitivity
[bookmark: OLE_LINK5]When compared with PBS control (see figure. 5.8), no difference was seen in baseline firing or mechanosensitivity when 10mM concentration of butyrate was applied luminally (F=1.217, P=0.2883, n=5). However at 30mM concentration butyrate significantly inhibited colonic mechanosensitivity with reduced AD over subsequent ramp distensions during the treatment period (F=13.05, P<0.0001, n=5). During the washout period, mechanosensitivity returned towards, but failed to reach, the level of AD at 60mmHg as observed during the initial control distensions. Butyrate at 30mM had no effect on baseline firing in-between distensions.
No difference was seen in the AD following control distensions with PBS with the first distension with 30mM butyrate (mean difference = 10.27%, 95% CI -7.72-28.26, P=0.71). However multiple comparison analysis (see figure 5.9) revealed that the inhibitory effect of 30mM butyrate begins at the second treatment distension with a significant reduction of AD seen at this point (mean difference = 46.45%,  95% CI 28.46-64.44, P<0.0001).  Attenuation of the mechanosensitivity continued thorough the third and fourth treatment distensions with the greatest effect seen at the fourth treatment distension (mean difference = 62.71%, 95% CI 44.72-80.7, P<0.0001). The inhibitory effect of 30mM butyrate continued to be observed through the first four washout distensions with a mean difference of 19.83% observed at the fourth washout distension (95% CI 1.84-37.82, P=0.02). Throughout the remainder of the washout period the AD following ramp distension to 60mmHg failed to return to the level of AD observed across the PBS controls. However the difference between PBS control and butyrate treatment did not reach statistical significance on post hoc analysis. 
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Figure 5.8: The influence of butyrate on colonic afferent mechanosensitivity. Comparing 10mM and 30mM butyrate treatments. 1A and 2A show the distension profiles with ramp distension to 60mmHg performed every 1000s. Four control distensions were initially performed before the luminal perfusion was switched to 10mM butyrate (1A) and 30mM butyrate (2A). This was followed by a washout period of 8 further ramp distensions. Representative examples demonstrate the AD rate (1B and 2B) and the raw recordings of whole nerve activity (1C and 2C). Luminal application of 30mM of butyrate resulting in a significant attenuation of AD at 60mmHg (P<0.0001, n=5) – displayed as a percentage of the mean AD at 60mmHg of PBS control (see figure 3). There was no difference between 10mM butyrate and PBS control (P=0.2883, n=5). During the washout period following application of 30mM of butyrate, mechanosensitivity returned towards, but failed to reach the level of AD at 60mmHg as observed during the initial control distensions (see 2B and 3). Butyrate at 10mM and 30mM had no effect on baseline firing in-between distensions. (Mean with error bars representing 95% confidence intervals, *<0.05, ****<0.0001).
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[bookmark: OLE_LINK6]Figure 5.9: The influence of 30mM butyrate on colonic afferent discharge at 60mmHg. Treatment with 30mM butyrate (T1-T4) is compared with PBS control (C1). The inhibitory effect of 30mM butyrate persists for a further four ramp distensions during the PBS washout period, as the AD returns towards the baseline in the second half of the washout period. (n=5, mean with error bars representing 95% confidence intervals, *<0.05, ****<0.0001).

Pressure-discharge response with 30mM butyrate
Comparing the pressure-response profile of multi-unit colonic AD of the fourth treatment distension with the control distension, the pressure-discharge response is attenuated when 30mM butyrate was applied luminally (F=3.5, P=0.0002, n=5). Post hoc analysis revealed a significant reduction in AD when the colon was distended to 30 mmHg with 30mM butyrate compared with PBS control. This indicates that high threshold afferent units are butyrate sensitive (see figure 5.10). 
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Figure 5.10: Pressure-response profiles of colonic multiunit activity comparing PBS to 30mM butyrate. This compares distension with PBS control and the fourth treatment distension with 30mM butyrate (A). Sidak’s multiple comparisons test reveals significant attenuation of the AD above 30 mmHg indicating that high-threshold afferents are inhibited by butyrate (n=5, mean with error bars representing 95% confidence intervals, * P < 0.05, ** P < 0.01, *** P < 0.001, ****<0.0001). 

5.4.4	Influence of acetate on colonic afferent sensitivity
When compared with PBS control no difference was seen in baseline firing or mechanosensitivity when 10mM concentration of acetate was applied luminally (F=0.506, P=0.905, n=5). However at 30mM concentration (see figure 5.11) acetate significantly inhibited colonic mechanosensitivity, with reduced AD over subsequent ramp distensions during the treatment period (F=3.05, P=0.0011, n=5). 
Multiple comparison analysis revealed that the inhibitory effect of 30mM acetate is first observed during the third treatment distension (see figure 5.12) with a significant reduction of AD seen at this point (mean difference = 17.39%, 95% CI 3.5-31.25, P=0.0048).  The greatest effect with 30mM acetate was observed during the fourth treatment distension (mean difference=34.6%, 95% CI 20.73-48.47, P<0.0001). 

[image: ] Figure 5.11: The influence of acetate on colonic afferent mechanosensitivity. Comparing 10mM and 30mM acetate treatments. 1A and 2A show the distension profiles with ramp distension to 60mmHg performed every 1000s. Four control distensions were initially performed before the luminal perfusion was switched to 10mM acetate (1A) and 30mM acetate (2A). This was followed by a washout period of 8 further ramp distensions. Representative examples demonstrate the AD rate (1B and 2B) and the raw recordings of whole nerve activity (1C and 2C). Luminal application of 30mM of acetate resulting in a significant attenuation of AD at 60mmHg (P=0.0011, n=5) – displayed as a percentage of the mean AD at 60mmHg of PBS control. There was no difference between 10mM acetate and PBS control (P=0.905, n=5). During the washout period following application of 30mM of acetate, mechanosensitivity returned towards, but failed to reach the level of AD at 60mmHg as observed during the initial control distensions (see 2B and 3). During treatment with 30mM acetate, a reduction of the baseline firing in-between ramp distensions, was observed (see 2B). Following PBS washout this attenuation in the baseline AD returned to level observed during the initial PBS control period. This change in baseline AD was observed in 2 out of 5 nerve recording performed. (Mean with error bars representing 95% confidence intervals, * P < 0.05, ** P < 0.01, ****<0.0001)

[image: ]Figure 5.12: Influence of 30mM acetate on the colonic afferent discharge at 60mmHg.  Compared with PBS control (C1), luminally applied 30mM acetate (T1-T4) attenuates mechanosensitivity. This is initially observed following the third treatment distension (T3) with the greatest effect observed during T4. The inhibitory effect persists through to the third washout distension (W3) with the AD returning towards the baseline in the second half of the washout period (n=5, *<0.05, ** P < 0.01, ****<0.0001).

Attenuation of mechanosensitivity with 30mM acetate appeared to continue into the initial washout period with significant inhibition of the afferent response during the second and third washout distensions, although no significant difference was seen during the first washout distension. Following the fourth washout distension, AD had returned towards baseline levels. 
In addition to inhibiting mechanosensitivity, it was observed that acetate appeared to inhibit baseline afferent nerve firing in-between ramp distensions (see figure 5.11 – 2A+B). This was however only seen in 2 out of 5 nerve recordings performed with 30mM acetate and overall this reduction in baseline firing did not reach significance compared with time controls.



Pressure-discharge response with 30mM acetate
Comparing the pressure-response profile of multi-unit colonic AD of the fourth treatment distension with the control distension, the pressure-discharge response was attenuated when 30mM acetate was applied luminally (F=3.8, P<0.0001, n=5). Post hoc analysis revealed a significant reduction in the AD observed when the colon was distended to 50 mmHg and above with 30mM acetate compared with PBS control (see figure 5.13). This indicates that high threshold afferent units are acetate sensitive. 
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Figure 5.13: Pressure-response profiles of colonic multiunit activity comparing PBS with 30mM acetate.  Pressure-response of fourth treatment distension with 30mM acetate. Sidak’s multiple comparisons test reveals significant attenuation of the AD at 50 mmHg indicating that high-threshold afferents are inhibited by acetate (n=5, mean with error bars representing 95% confidence intervals, ** P < 0.01, *** P < 0.001). 

5.4.5	Influence of propionate on colonic afferent sensitivity
As was observed with butyrate and acetate, when compared with PBS control, no difference was seen in baseline firing or mechanosensitivity when 10mM concentration of propionate was applied luminally (F=0.503, P=0.901, n=5).  However, at 30mM concentration, as can be seen in figure 5.14 and figure 5.15, propionate also inhibited colonic mechanosensitivity, with reduced AD see following the fourth ramp distension during the treatment period (mean difference=17%, CI 3.47-30.52, P=0.0046, n=5).   This was the only significant change in afferent response seen on post hoc analysis, with the AD immediately returning to baseline during the washout period.
As with 30mM acetate, a small reduction in the baseline firing in-between ramp distensions was also observed with 30mM propionate. This was observed in 3 out of the 5 nerve recordings performed. However, overall this reduction in baseline firing did not reach significance compared with time controls.



[image: ]Figure 5.14: The influence of propionate on colonic afferent mechanosensitivity. 1A and 2A show the distension profiles with ramp distension to 60mmHg performed every 1000s. Four control distensions were initially performed before the luminal perfusion was switched to 10mM propionate (1A) and 30mM propionate (2A). This was followed by a washout period of 8 further ramp distensions. Representative examples demonstrate the AD rate (1B and 2B) and the raw recordings of whole nerve activity (1C and 2C). Luminal application of 30mM of propionate resulting in a significant attenuation of AD at 60mmHg (P=0.0011, n=5) – displayed as a percentage of the mean AD at 60mmHg of PBS control. There was no difference between 10mM propionate and PBS control (P=0.905, n=5). During the washout period following application of 30mM of propionate, mechanosensitivity returned towards, the level of AD at 60mmHg as observed during the initial control distensions (see 2B and 3). During treatment with 30mM propionate, a small reduction of the baseline firing in-between ramp distensions, was observed (see 2B). Following PBS washout this attenuation in the baseline AD returned to level observed during the initial PBS control period. This change in baseline AD in-between ramp distensions was observed in 3 out of 5 nerve recording performed. (mean with error bars representing 95% confidence intervals, ** P < 0.01).
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Figure 5.15: Influence of 30mM propionate on the colonic afferent discharge at 60 mmHg. The effect of luminally applied 30mM propionate (T1-T4) on the colonic AD at 60mmHg compared with the AD at 60mmHg during the PBS control (C1). The inhibitory effect of 30mM propionate is observed during the fourth treatment distension (T4) with the AD immediately returning towards the control baseline once when the intraluminal perfusion is switched to PBS in the washout period (W1-8). (n=5,  **P < 0.01).


Pressure-discharge response of 30mM propionate
Comparing the pressure-response profile of multi-unit colonic AD of the fourth treatment distension with the control distension (see figure 5.16), the pressure-discharge response was attenuated when 30mM propionate was applied luminally (F=2.03, P=0.0289, n=5). As was seen with butyrate and propionate, multiple comparison analysis revealed a significant reduction in AD once the colon was distended to 55 mmHg and above with 30mM propionate compared with PBS control. This indicates that those afferent units that are propionate sensitive are of the high threshold subtype.
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Figure 5.16: Pressure-response profiles of colonic multiunit activity comparing PBS with 30mM propionate. Sidak’s multiple comparisons test reveals significant attenuation of the AD at 55 mmHg indicating that high-threshold afferents are significantly inhibited by 30mM propionate (n=5, mean with error bars representing 95% confidence intervals, * P < 0.05, ** P < 0.01, *** P < 0.001). 

5.4.6	Influence of SCFA mix on colonic afferent nerve sensitivity
No effect on AD was observed with luminally applied SCFA10mM concentration (F=0.924, P=0.5264, n=5). However, at 30mM and 100mM concentrations, application of SCFA mix significantly inhibited colonic mechanosensitivity (SCFA30; F=7.722, P<0.0001, n=5 and SCFA100; F= 20.34, P<0.0001, n=5) with reduced AD over subsequent ramp distensions during the treatment period. The attenuation of mechanosensitivty was significantly greater with the 100mM SCFA mix compared with the 30mM SCFA mix (Wilcoxon two-tail, P=0.0024) (see figures 5.17 and 5.18).


[image: C:\Users\jonnywild\Dropbox\Research\THESIS\Chapter 5\Pics\pics for results section\30Mm scfa V 100Mm SCFA.png]Fig 5.17: The influence of SCFA mix on colonic afferent mechanosensitivity. 1A and 2A show the distension profiles with ramp distension to 60mmHg performed every 1000s. Four control distensions were initially performed before the luminal perfusion was switched to 30mM SCFA mix (1A) and 100mM SCFA mix (2A). This was followed by a washout period of 8 further ramp distensions. Representative examples demonstrate the AD rate (1B and 2B) and the raw recordings of whole nerve activity (1C and 2C). Luminal application of 30mM and 100mM of SCFA mix resulting in a significant attenuation of AD at 60mmHg (P<0.001, n=5) – displayed as a percentage of the mean AD at 60mmHg of the PBS control. (3) There was no difference between 10mM SCFA mix and PBS control (P=0.5.64 n=5). During the washout period following application of SCFA mix, mechanosensitivity returned towards, the level of AD at 60mmHg as observed during the initial control distensions. During treatment with 30mM and 100mM SCFA, attenuation of the baseline firing in-between ramp distensions, was observed (see 2B). Following PBS washout this attenuation in the baseline AD returned to level observed during the initial PBS control period. This change in baseline AD in-between ramp distensions was observed in all the nerve recordings performed with 30mM and 100mM SCFA mix (n=10). (Mean with error bars representing 95% confidence intervals, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001).
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Figure 5.18: Influence of 30mM and 100mM SCFA mix on the colonic afferent discharge at 60 mmHg. Comparing AD at 60mmHg with PBS control (C1) to luminally applied SCFA mix (T1-T4); SCFA30 (a) AND SCFA100 (b). The inhibitory effect of SCFA mix is observed during the second treatment distension (T2) with both 30mM and 100mM treatments. The attenuation in mechanosensitivity persists until halfway through the washout period (W4) following treatment with 30mM SCFA mix and through to the seventh washout distension (W7) following 100mM SCFA mix treatment. (n=5, mean with error bars representing 95% confidence intervals, *<0.05, ** P < 0.01, ****<0.0001).

 

With the 100mM SCFA mix, attenuation of colonic afferent mechanosensitivity continued throughout the washout period up until the 8th and final ramp distension.  Likewise inhibition of mechanosensitivity persisted into the washout period following luminal application of 30mM SCFA mix.  However this effect was only seen during the first half of the washout period where subsequent ramp distensions produced an AD equivalent to the initial PBS controls (see figures 5.17 and 5.18).
No change in baseline AD was seen with 10mM SCFA mix. However during the treatment period with both 30mM and 100mM mix concentrations a significant reduction in baseline AD in-between ramp distensions during the treatment period was observed (see figure 5.17).
Pressure-discharge response with SCFA mix
As was found with 30mM treatments with butyrate, acetate and propionate, when the pressure-response profile of AD during the fourth treatment distension was compared with that of the control distension, the pressure-discharge response is attenuated with both 30mM and 100mM SCFA mixes (SCFA30; F=3.5, P=0.0002, n=5 and SCFA100; F=3.5, P=0.0002, n=5) (see figure 5.19). Post hoc analysis reveals a significant reduction in AD observed when the colon is distended to 45 mmHg and above with 30mM SCFA mix and to 25 mmHg with 100mM SCFA mix, compared with PBS control. Again, this reveals that it is the high threshold afferent units that are SCFA sensitive.
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[bookmark: OLE_LINK7]Fig 5.19: Pressure-response profiles of colonic multiunit activity comparing PBS with 30mM and 100mM SCFA mix. Sidak’s multiple comparisons test reveals significant attenuation of the AD at 45mmHg with 30mM SCFA (A) and at 25 mmHg with 100mM SCFA (B) - indicating that high-threshold afferents are inhibited by SCFAs (n=5 for each concentration, mean with error bars representing 95% confidence intervals, * P < 0.05, ** P < 0.01, *** P < 0.001, **** P<0.0001). 



5.4.7	Comparison of SCFA treatments on colonic afferent    
              mechanosensitivity

Multiple comparison tests (n=5 for each SCFA treatment) revealed  acetate 30mM, butyrate 30mM, and SCFA mix at both 30mM and 100mM concentrations significantly inhibited colonic afferent mechanosensitivity (P=0.0001) (see figure 5.20). 30mM propionate also resulted in attenuation of AD by the fourth ramp distension (P=0.0101), However, there was no difference observed between PBS control and the 10mM concentrates of butyrate (P=0.6618), acetate (P=0.9851), propionate (P=0.9997) and SCFA mix (P=0.9782).
At 30mM concentrations application of butyrate resulted in a significantly greater inhibition of mechanosensitivity than both acetate (mean difference = 28.11%, CI 10.35-45.86, P<0.0001) and propionate (mean difference = 45.71%, CI 27.95-63.46, P<0.0001). Treatment with 100mM SCFA mix resulted in a more significant attenuation of mechanosensitivity that 30mM SCFA mix (mean difference 34.56%, CI 16.8-52.31, P<0.002).  The difference between 30mM butyrate application and both 30mM and 100mM SCFA did not reach statistical significance (see figure 5.20 and table 5.1).






[image: C:\Users\jonnywild\Dropbox\Research\THESIS\Chapter 5\Pics\pics for results section\T4 bar and whisker all.png]Figure 5.20: Comparison of SCFA treatments on colonic afferent mechanosensitivity. Comparing the peak AD at 60 mmHg following 4000 seconds of treatment with PBS control demonstrates that luminally applied SCFAs significantly reduce colonic afferent mechanosensitivity. This occurs at concentration above 30mM. (n=5 for each SCFA treatment, * P < 0.05, *** P < 0.001).
	SCFA being compared
	Mean difference (imp s−1)
	95% CI
	P value

	Propionate 30mM vs. Acetate 30mM
	17.6
	-0.1557 to 35.36
	0.0526

	Propionate 30mM vs. SCFA 30mM
	28.67
	10.92 to 46.43
	0.0012

	Propionate 30mM vs. Butyrate 30mM
	45.71
	27.95 to 63.46
	<0.0001

	Propionate 30mM vs. SCFA 100mM
	63.23
	45.47 to 80.99
	<0.0001

	Acetate 30mM vs. SCFA 30mM
	11.07
	-6.681 to 28.83
	0.351

	Acetate 30mM vs. Butyrate 30mM
	28.11
	10.35 to 45.86
	0.0014

	Acetate 30mM vs. SCFA 100mM
	45.63
	27.87 to 63.39
	<0.0001

	SCFA 30mM vs. Butyrate 30mM
	17.03
	-0.7209 to 34.79
	0.0633

	SCFA 30mM vs. SCFA 100mM
	34.56
	16.8 to 52.31
	0.0002

	Butyrate 30mM vs. SCFA 100mM
	17.52
	-0.2342 to 35.28
	0.054



         
       Table 5.1: Comparison of SCFAs and their influence on colonic afferent mechanosensitivity.
5.4.8	Influence of SCFAs on baseline afferent discharge
Luminal application of 10mM concentration of all SCFAs did not affect the baseline firing seen in-between ramp distensions. Likewise no change in baseline AD was observed following treatment with 30mM butyrate (F=1.795, P=0.0696).  Inhibition of the baseline afferent nerve discharge during the treatment period was observed in two out of five nerve recording performed with 30mM propionate and three out of five recordings performed with 30mM acetate. Overall, however, these findings also did not reach statistical significance (propionate 30mM; F=1.768, P=0.0646, acetate 30mM; F=1.884 P=0.0824).  
A significant attenuation of baseline colonic afferent nerve firing was observed during luminal treatment with both 30mM and 100mM concentrations of SCFA mix (SCFA 30mM; F=7.689, P<0.0001, SCFA 100mM; F=9.014, P<0.0001).   This occurred following 1000s luminal application of SCFA prior to the second treatment ramp distension. The baseline firing returned to normal following 1000s washout with PBS (see figure 5.21). There was no difference in the inhibition of the baseline colonic AD between 30mM and 100mM SCFA mix (U=63, n1=n2=5, P=0.6297).
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Figure 5.21: Attenuation of baseline afferent discharge with 30mM and 100mM SCFA mix. A representative example demonstrating inhibition of the nerve discharge rate during luminal treatment with 30mM SCFA mix can be seen in fig.B. The baseline AD is calculated from the mean AD across a 100 s period immediately prior to each distension. Baseline AD is significantly inhibited following the first treatment distension for both 30 (A) and 100mM (B) concentrations of SCFA mix. The attenuation in AD persists up until the third washout distension when 100mM SCFA mix is applied, compared with 30mM SCFA mix treatment where the baseline returns to normal prior to the first washout distension (n=5, mean with error bars representing 95% confidence intervals * P < 0.05, *** P < 0.001, **** P<0.0001 ).


5.4.9	Influence of SCFAs on colonic compliance
[image: C:\Users\jonnywild\Dropbox\Research\THESIS\Chapter 5\Pics\pics for results section\compliance all.png]Analysis of pressure-volume relationships between all SCFA treatments (see figure 5.22) demonstrated that luminally applied butyrate, acetate and propionate, both singly and in combination, did not affect colonic wall compliance (F=0.796. P=0.8983, n=3 for each SCFA treatment).
Figure 5.22: Influence of SCFAs on colonic wall compliance. There was no difference in the relationship between perfusion volume and intracolonic pressure between the SCFA treatments and PBS control. (n=3 for each SCFA treatment, mean with error bars representing 95% confidence intervals).





5.4.10	SCFAs and colonic motility 
The median number of CPMCs observed following luminal perfusion with PBS was 10 CPMCs/30 mins (n=12, range 8-12). Compared with controls, SCFAs appeared to have a differential effect on motility in the mouse colon (see figure 5.23). Treatment with 30mM butyrate increase the frequency of CPMCs (9.5 v 16.5, P=0.028). Treatment with 30mM propionate and 30mM acetate both appeared to inhibit the frequency of CPMCs, however when compared to PBS controls, this did not reach statistical significance (acetate: 9.5 v 6.5, P=0.057 and propionate: 11 v 7, P=0.0571). If data for the “inhibitory SCFAs” propionate and acetate was combined, statistical significance was achieved (10.5 v 7, P=0.0025).
5.4.11	SCFA induced smooth muscle activity has no effect on afferent nerve sensitivity

In order to investigate for any potential interference of changes in smooth muscle activity on colonic AD sensitivity the influence of 100mM SCFA mix on afferent firing was assessed with (n=5) and without (n=5) the application of nircadipine. There was no difference in the inhibitory effect of 100mM SCFA mix on baseline AD and mechanosensitivity when nircadipine-induced inhibition of smooth muscle activity was achieved compared to when no nircadipine was applied, indicating that the effect of SCFAs on colonic afferent nerve sensitivity is not a result of potential interference from L-type Ca2+ channel mediated smooth muscle activity. 
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Figure 5.23: Influence of SCFAs on colonic primary motor complexes. (A) Luminal application with 30mM butyrate resulted in a significant increase in the frequency of CPMCs observed over the 30 minute treatment period compared with control. 30mM of both propionate (B) and acetate (C) appeared to result in a decrease in the frequency of CPMCs observed, however this did not reach statistical significance. (* P<0.05)



5.4.12	Influence of SCFAs on intracellular calcium levels of DRGs
Application of butyrate, propionate and acetate to isolated murine DRGs did not evoke a significant change in fluorescence ratio and hence no significant change in calcium influx was detected, compared with time controls. Of the 34 DRGs isolated and treated with butyrate, 2 (6%) of DRGs responded to 3μM butyrate. Treatment of DRGs with propionate or acetate did not mobilise intracellular calcium stores (see figure 5.24).
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Figure 5.24: Calcium imaging on isolated DRGs. An example of primary isolated DRGs loaded with Fura-2 (2μM). Sample traces demonstrating the response to butyrate (B) and propionate (C). The arrows highlight the traces of the only two DRGs to respond to butyrate, with the remaining 32 DRGs examined not stimulated following application of butyrate. No response was observed following application of propionate (C) and acetate. Figure D summarises the findings that there was no difference in calcium influx in DRGs following treatment with butyrate (n=34 cells), propionate (n=22 cells) and acetate (n=28 cells) compared with time controls (n=25 cells). DRGs were isolated from 12 animals. Values are mean + 95% CI. All results are analysed with One-Way ANOVA.
5.5	DISCUSSION    
This study demonstrates, for the first time, that luminally applied SCFAs influence colonic afferent nerve sensitivity in an in vitro mouse model. The null hypothesis is therefore rejected. 
Based on findings from previous work investigating the influence of SCFAs on jejunal afferent nerve firing (Lal et al., 2001) and on the use of butyrate to initiate colonic hypersensitivity in rodent models of IBS (Bourdu et al., 2005), it was anticipated that SCFAs may potentiate colonic afferent sensitivity. However, these experiments demonstrate that SCFAs, applied singly and in combination, significantly attenuate colonic afferent nerve mechanosensitivity. Calcium imaging performed on spinal DRGs also suggested that SCFAs have an indirect influence on colonic afferent nerve sensitivity. 
5.5.1	Critique of the experimental technique
One of the major advantages of the in vitro splanchnic nerve recording is that colonic afferent nerve activity can be quantified without any modulation from the CNS. This therefore permits the direct effect of locally applied SCFAs on colonic afferent nerve activity. Although steps are required to ensure the in vitro models remained viable this technique produced stable, reliable and reproducible afferent nerve recordings. Compared to an in vivo approach this technique is less time-consuming and does not require the monitoring of vital parameters of an anaesthetised animal (Nullens et al., 2016).  However, it must be borne in mind that measuring colonic afferent nerve firing represents only one component in the complex neuronal signalling cascade involved in visceral pain sensation. This study does not address the role of central processes, ie. in the spinal cord and brain, on the potential analgesic effects of colonic SCFAs. Alternative methods to assess this would be to carry out in vivo animal experiments to measure any effect luminally applied SCFAs may have on visceromotor responses, electromyographic signals or on functional brain MRI (Moloney et al., 2015). 

Although in vitro colonic afferent nerve recording has its advantages, it remains a technically demanding research technique that requires sound knowledge of basic anatomy and technical training in order to become acquainted with the principles of neuronal electrophysiology. There is therefore a long learning curve, requiring a high level of hand-eye coordination and dexterity, to develop the necessary dissection skills required to identify and isolate colonic nerve afferents to then perform reliable afferent nerve recordings. This is evidenced by the 9 months it took to master the technique. This also limited the number of experiments that I could perform, both due to time and resource limits.
There are two distinct spinal afferent nerve pathways that transmit sensory information from the distal colon and rectum to the spinal cord. These are via the LSNs (thoracolumbar pathway) and PNs (lumbosacral pathway). Although there were no observed changes in low-threshold mechanosensory function in this study, SCFA-mediated inhibition of low-threshold colonic mechanosensory function cannot be ruled out as no recordings were made from the pelvic spinal afferents, which are more tuned to signal physiological based stimuli (Brierley et al., 2004). It may be conceivable that pelvic afferents demonstrate SCFA mediated inhibition of mechanosensitivity at lower thresholds than observed in the splanchnic neurones. Measuring pelvic afferent nerve activity using my experimental set-up would be a technical challenge as the distal colon segment is often secured to the perfusion outflow immediately adjacent to where the PNs are located. An alternative approach, using a flat pinned down sheet of colorectum, has been described to successfully record pelvic afferent nerve firing (Feng and Gebhart, 2015). However this approach was not used in my experiments as the flat sheet of colon cannot be distended, unlike the intact colonic segment used in my study. Although mechanosensitivity can be assessed by applying circumferential stretch to the flat sheet using a computer-controlled force actuator, disruption of the colonic muscular tube due to it being divided longitudinally may lead to inaccurate findings.
It is likely that ramp distension of the colon stimulates different afferent pathways compared with rapid random phasic distensions (Ng et al., 2006). Although in my experiments I assessed colonic afferent nerve sensitivity following ramp distension only, previous researchers have postulated that phasic distension may preferentially stimulate serosal and muscular mechanoreceptors in the large intestine, whereas mucosal mechanoreceptors are stimulated during slow ramp distension (Sloots et al., 2000, Sabate et al., 2002). This supports the use of ramp distension in my study, given my aim to assess the afferent nerve response to luminally applied SCFAs.
There was no strong evidence from the calcium imaging experiments that demonstrated a direct influence of SCFAs on afferent sensitivity. There was certainly no evidence of inhibition of neuronal activity. Two DRG cells responded to SCFA treatment, resulting in an increase in calcium influx and DRG excitability. However this represents only 2% of the DRGs treated with SCFAs. No response was seen in 98% of DRGs treated and therefore cannot be considered significant. This finding appears to conflict with the data generated by patch-clamp recordings by Xu et al who found that superfusion of retrogradely labelled L6-S1 rat DRGs with sodium butyrate stimulated neuronal firing (Xu et al., 2013). In this study however the investigators, in addition to using a different species as the animal model, administered 1mM concentrations of sodium butyrate, which is over 300 fold more concentrated than that was used in my experiment. The concentration chosen in my calcium imaging (3μM) was based on previous experience in the Grundy Laboratory and reflects a more physiologically appropriate concentration. Further work could use higher concentrations of SCFAs for calcium imaging experiments. Pre-treating cultured DRGs with SCFAs over a longer duration and then stimulating DRGs with a drug known to cause excitability, such as capsaicin, could also be a future avenue to assess if DRGs pre-treated with SCFAs demonstrate an attenuated response to capsaicin induced excitation.
In my calcium-imaging experiment, DRG neurones were obtained from DRGs at T11-L2 (thoracolumbar) and L6-S1 levels (lumboscacral). I isolated DRG neurones from these two levels based on previous studies that have identified cell bodies of the sensory neurones of the colorectum at these levels (Robinson et al., 2004, Christianson et al., 2007, Tan et al., 2008, Kyloh et al., 2011). In my study the DRG neurones obtained were unselective and therefore not specific to the colorectum. A proportion of sensory neurones on which calcium imaging was performed therefore are likely to innervate other non-colorectal abdominal and pelvic viscera. In order to obtain colorectal specific DRG neurones retrograde labelling techniques, such as injection of a neuronal tracer, eg. DiI, into the mouse colonic wall, would need to be performed before then sacrificing the animal and isolating DRGs seven days later (Robinson et al., 2004). 
More recently the development of ex vivo DRG-gut preparations have enabled single cell electrophysiological characterisation to be combined with studies of DRG cell body morphology and neurochemistry (Brierley et al., 2018). The DRG-gut preparation comprises of individual DRGs in continuity with their associated spinal pathway and colonic segment, thus electrophysiological recordings are obtained from the nerve cell bodies of colonic spinal afferent neurons with their connections to the colon intact. This represents a robust technique of discriminating colon-innervating afferents with morphological and neurochemical characteristics of the nerve cells bodies being directly correlated to mechanosensory and chemosensory characteristics in the colonic mucosa. Although similar techniques have been performed more extensively in cutaneous afferent nerve research (Brierley et al., 2018), only two groups have published data using the DRG-gut preparation to date (Malin et al., 2009, Hibberd et al., 2016). This is a technically challenging technique and is yet to be adopted widely in visceral afferent research, however this technique has great potential and is an approach that could be explored in the future to help further characterise the influence of SCFAs and EEC peptides on colonic afferent nerve sensation.  

5.5.2	A role for SCFAs in attenuating visceral nociception
The higher intra-luminal pressures correspond to the onset of the nociceptive response thereby suggesting a role of SCFAs in attenuating nociception. Inhibition of high threshold spinal afferents was observed when all three SCFAs were applied singly at 30mM concentrations. No effect was seen at 10mM. 
In general, SCFAs are considered to be beneficial to colonic health. However controversy exists as to whether butyrate may cause colonic hypersensitivity (Kannampalli et al., 2011).  Butyrate enemas administered to rats over 3 days resulted in colonic hypersensitivity, with a sustained, dose-dependent decrease in pain-threshold levels and referred cutaneous mechanical hyperalgesia (Bourdu et al., 2005). Use of this IBS model of non-inflammatory chronic colonic hypersensitivity has raised questions of the therapeutic benefit of dietary fibre and SCFAs in patients with IBS (Vera-Portocarrero LP et al., 2008, Lian B et al., 2010). However in a Dutch study, where physiologically relevant doses (50 and 100 mmol/L-1) of intraluminal butyrate were administered into the distal colon of healthy human subjects, a marked increase in compliance, with reduced pain and discomfort levels was demonstrated, thereby suggesting a beneficial effect of butyrate in disorders characterised by visceral pain (Vanhoutvin et al., 2009).  An important factor may be the differences in butyrate concentrations used, with much higher doses used in the rodent models of IBS. When butyrate enemas at lower physiological doses (40 mM) were administered to rats a decrease in colonic pain thresholds in controls was observed, whereas a pronociceptive effect was seen at 240 mM concentrations (Tarrerias et al., 2002). This supports the results of my study in which physiological concentration of SCFAs were used, in addition to ensuring that pH, osmolality and temperature were controlled at physiological levels. There has been interest in the use of oral butyrate as a supplementary treatment for IBS.  Banasiewicz and colleagues performed a double-blind, randomized, placebo-controlled study in which 66 adult patients with IBS received microcapsulated butyric acid at a dose of 300 mg per day or placebo as an adjunct to standard therapy. At four weeks, there was a statistically significant decrease in the frequency of abdominal pain during defecation in the butyric acid group. In addition, at 12 weeks, there were further decreases in the frequency of spontaneous abdominal pain and postprandial abdominal pain (Banasiewicz et al., 2013). Oral administration of butyrate and a butyrate derivative has also been demonstrated to reduced visceral and neuropathic pain in mice with the effect blocked by glibenclamide, indicating that underpinning mechanisms of the analgesic effect may involve ATP-dependent K+ channels (Russo et al., 2016). 

5.5.3	Increased potency of butyrate on colonic mechanosensitivity with 
              potential synergistic effect of SCFAs in combination

Differences in the effect on colonic afferent nerve firing were demonstrated between the three main SCFAs. Application of butyrate had a more potent effect on the inhibition of colonic mechanosensitivity compared with acetate and propionate, with butyrate resulting in a greater reduction of peak AD during colonic distention following 4000 seconds of luminal application compared with acetate and propionate. Attenuation of mechanosensitivity was observed earlier in the treatment period with butyrate (2nd treatment distension) compared with acetate (3rd treatment distension) and propionate (4th treatment distension). Mechanosensitive afferents were also inhibited at lower distension pressure (30mmHg) compared with acetate (50mmHg) and propionate (55mmHg) and the inhibitory effect of butyrate persisted for a longer duration in the washout period compared with acetate and propionate. Although the difference in peak AD during colonic distention following 4000 seconds of treatment with acetate and propionate did not reach statistical significance, given that the inhibitory effect on mechanosensitivity was more immediate and prolonged with acetate compared with propionate, this indicates that the rank order of the three main SCFAs on colonic afferent nerve inhibition is butyrate > acetate > propionate. To investigate a potential synergistic effect of SCFAs a SCFA mix was used, in a physiologically relevant ratio was 60:20:20 of acetate, butyrate and propionate respectively. When comparing the 30mM treatments there was no difference between the peak AD following 4000 seconds of treatment with 30mM SCFA mix (equivalent to 18mM acetate, 6mM butyrate and 6mM propionate) and 30mM acetate and also when comparing 30mM SCFA mix with 30mM butyrate. While a significant contribution from butyrate in the SCFA mix is likely, given the lower ratio of butyrate in the SCFA mix, my results do suggest that SCFAs act synergistically.
5.5.4	Attenuation of colonic afferent discharge is observed only 
              following ramp distension
Significant inhibitory effects of luminal SCFAs were only seen once ramp distension of the colonic segment was performed. There was no reduction observed in baseline AD following ramp distension during butyrate treatment however a reduction in baseline firing was seen in half of the recordings performed with acetate and propionate treatment. Although this did not reach statistical significance this observation does suggest a further differing effect of SCFAs of different chain lengths on afferent firing. This conclusion is supported by the reduction in baseline firing during treatment with 30mM and 100mM SCFA mix that was statistically significant. With the higher proportion of acetate used in the SCFA mix, this supports the hypothesis that acetate attenuates the baseline AD. The attenuation in baseline that was only evident following ramp distension suggests that the effect of physiological concentrations of SCFAs on this population of colonic afferent nerves only occurs once the afferents are stimulated by stretching during distension at supra-physiological, or nociceptive pressures.  One possible explanation for this phenomena is that the afferents rely on colonic wall distension and stretching of the mucosal folds in order to exposure themselves to luminal SCFAs. However given the results of the calcium imaging experiments casts doubt on SCFAs having a direct effect on DRG sensitivity, this explanation is unlikely. Another possible explanation is that the afferents, that are either sensitive to SCFAs or to a downstream signalling molecule released following ligation of SCFA receptors on EECs, are dormant and only acquire sensitivity to SCFA or EEC products once they have been activated by the mechanical stretch of distension. This is in contrast to the concept of ‘silent afferents’ that have recently been characterised in the pelvic and splanchnic innervations of the mouse colorectum (Feng and Gebhart, 2011). Alternatively referred to as mechanoinsensitive afferents (MIAs), these nociceptors that are silent under normal physiological conditions have the ability to acquire mechanosensitivity following sensitization from an infective or inflammatory agent.

5.5.5	The influence of Ca2+ blockade
No difference was observed in colonic afferent mechanosensitivity following luminal application of SCFA mix with and without nircardipine. The main aim of utilising nircaridipine’s Ca2+ channel blockade properties was to remove any potential interference from smooth muscle activity on the nerve recordings. However the concept of Ca2+ channel blockade in the context of this experiment is more complex and opens avenues for further research.  Calcium influx through voltage-gated calcium channels (VGCC) are centrally important in regulating the exocytotic release of neurotransmitters and hormones from neuroendocrine cells (Nanclares et al., 2017). Therefore L-type Ca2+ channel blockade, while inhibiting smooth muscle contraction, may also interfere with the release of hormones such as GLP-1 and PYY from L-cells or SST from D-cells. If considered alone, this would therefore suggest that SCFA induced inhibition of colonic afferent mechanosensitivity is independent of EEC peptide release. However in addition to L-type Ca2+ channels, there are numerous other VGCCs, including; N-,P-,Q-, R- and T-type Ca2+ channels, as well as voltage-gated sodium channels that are involved in hormone release in EECs (Lomax et al., 1999). These VGCCs are not blocked by nircardipine. Also, while L-type Ca2+ channels are mainly responsible for the calcium entry into colonic smooth muscle cells and although nircadipine, a L-type Ca2+ channel blocker, is known to significantly inhibit smooth muscle contraction in the normal colon (Boyer et al., 2001),  it does not block all the L-type Ca2+ channels. There are in fact four isoforms of the a1 poreforming subunit (CaV1.1 to CaV1.4) that are uniquely sensitive to different Ca2+ channel blockers (Zuccotti et al., 2011). Nircadipine, a dihydropyridine class of Ca2+ blocker, does not equally block all L-type Ca2+ channels and at present no highly selective L-type channel modulator is available. Previous research has aimed to determine which VGCC are involved in EEC product secretion. By utilising various Ca2+ channel blockers during electrophysiological recordings on cultured murine colonic L-cells, it was demonstrated that GLP-1 secretion was reduced by 16% following L-type Ca2+ channel blockade with nifedipine and by 28% follow Q-type Ca2+ blockade using ω-conotoxin MVIIC (Rogers et al., 2011). No effect on GLP-1 release from colonic L-cells was seen following P-type Ca2+ specific blockade with agatoxin-IVA. Likewise, no inhibition of GLP-1 release was evident following N-type Ca2+ channel blockade with ω-conotoxin GVIA and the T-type Ca2+ channel blocker NNC55-3096 also did not inhibit GLP-1 secretion.
Little is known regarding the underlying mechanisms and role of Ca2+ channels in the release of SST. There is no published data specific to SST secretion from colonic D-cells.  Patch-clamp recordings on cultured human pancreatic delta cells by Braun et al (Braun et al., 2009) demonstrated the importance of multiple types of voltage-gated Ca2+ channels required for glucose-induced SST secretion. P/Q-type channels were found to be the dominant (66%) high-voltage activated Ca2+ channels type in the human delta cell, being closely coupled to exocytosis of the secretory (Braun et al., 2009). Collaborative work between groups in Oxford and Sweden have concluded that R-type Ca2+ channels are essential for SST secretion from pancreatic ᵟ-cells and that L-type Ca2+ channels may in fact play a very minor role (Zhang et al., 2007).  More recent work on chromaffin cells by a group based in Madrid have suggested that the L-type channels control hormone release following prolonged stimuli while fast release is mediated by Ca2+ influx via P/Q channels (Nanclares et al., 2017).
Therefore, while nircardipine may adequately inhibit colonic smooth muscle activity in order to remove any interference with the afferent nerve recording, no conclusions can be sought regarding nircadipine induced L-type Ca2+ channel blockade and its influence on colonic afferent sensitivity in my experiment. Further work with more specific VGCC blockade would be required in order to help determine which VGCC regulated exocytosis of ECC products and if specific VGCC subtypes are involved in SCFA induced attenuation of colonic afferent mechosensitivity.
5.5.6	SCFAs influence colonic motility with differential effects between 
              SCFA subtypes
This study also revealed that SCFAs influence colonic motility with contrasting effects seen between butyrate, which significantly increased the frequency of CPMCs, as opposed to acetate and propionate which appeared to inhibit the generation of CPMCs. The main aim of this aspect of the study was to assess whether SCFAs influenced baseline smooth muscle contractions (which can generate interference with the afferent nerve recordings) and thereby provide a rationale to investigate if there was any difference in the effect of SCFA on AD in the presence of nircadipine-induced inhibition of smooth muscle activity. The potential inhibitory effect of acetate and propionate did not reach statistical significance. This may be due to the small number of experiments performed and although a more exhaustive investigation could be undertaken to assess the influence of colonic motility in more detail these results do demonstrate an additional role of SCFAs in colonic physiology. The findings in my experiment support those of previous studies (Grider and Piland, 2007, Cherbut et al., 1998, Soret et al., 2010, Suply et al., 2012, Hurst et al., 2014).
Consistent with my findings, butyrate has also been shown to increase propulsion in flat-sheet preparations of rat distal colon by stimulating the release of 5-HT and calcitonin gene-related peptide (CGRP) (Grider and Piland, 2007) and rats fed with diets rich in butyrate producing starch had increased colonic transit time compared with controls (Soret et al., 2010). Topical treatment in vivo with butyrate enemas has also been shown to upregulate the expression of myenteric neurons that mediate the peristalsis and propulsion (Suply et al., 2012).
The differential response between species and action of specific SCFAs has been previously recognised with conflicting studies. While Soret et al also suggest that butyrate, but not propionate or acetate, increased CHAT-positive cholinergic neurons in the ENS and increased colonic circular muscle contraction others have reported that acetate and propionate may also increase colonic motility (Grider and Piland, 2007), with Dass et al also reporting that SCFAs are stimulatory in the rodent distal ileum and inhibitory in the colon (Dass et al., 2007). Previous studies have employed different approaches, some using colon segments, others strips of smooth muscle with or without intact mucosa, as well as different species, which may well contribute to the conclusions that the effects of SCFAs in the colon are both excitatory and inhibitory. More recently, using video recording and spatiotemporal mapping of intact guinea pig colon to visualise motility patterns, Hurst and colleagues showed that intraluminal butyrate augments propulsive colonic activity whereas propionate, and to a lesser degree acetate, decrease colonic motility (Hurst et al., 2014), which supports the findings of my study. While increases and decreases in motility and contractility have been reported in the literature, the distinction between different SCFAs and actions other than motility, such as intestinal gluconeogenesis, Treg-cell differentiation and lipolysis has also been described. These studies, in addition to the findings in this thesis, support the argument that each SCFA generated in the colon is likely to have its own specific effect and that each SCFA needs to be examined separately for its effect on a given physiological action.
5.5.7	SCFAs do not effect colonic wall compliance in the short-term
Analysis of pressure-volume relationship on colonic distension with SCFAs demonstrated that luminally applied SCFAs had no effect colonic wall compliance. Alterations in colonic wall compliance have been implicated in various colorectal disorders, such as chronic constipation and megacolon (O'Dwyer et al., 2015), where compliance is increased, and diverticular disease (Matrana and Margolin, 2009, Mimura et al., 2002) and colitis (Brochard et al., 2015) where compliance can be reduced. Distal colonic compliance in healthy volunteers was found to be reduced following administration of butyrate enemas in Vanhoutvin et al’s randomised double-blind, placebo controlled cross-over study (Vanhoutvin et al., 2009). Possible reasons to explain the difference between Vanhoutvin et al’s result and my own may be due to potential differences in compliance between species, differences in measuring compliance with an ex vivo technique compared with in vivo and, most likely, difference in the duration of treatment. In the human study, butyrate enemas were administered every evening over the course of the one week treatment period compared with 1000s in my experiment. Findings from Wess et al’s study also support the notion that SCFAs may influence compliance over the medium to long term, where increased collagen cross-linking, thought to cause increased rigidity and reduced colonic compliance, was found in the colons of mice fed on a fibre-deficient diet over a eighteen month period (Wess et al., 1996). 




5.5.8	Conclusion
In this chapter I have demonstrated for the first time that luminally applied SCFAs at physiological concentrations influence colonic splanchnic afferent nerve sensitivity in an in vitro mouse model. SCFAs inhibit the high threshold spinal afferents indicating that SCFAs play a role in attenuating visceral nociception. Although further work is required to determine the underlying mechanisms involved in SCFA mediated inhibition of colonic mechanosensitivity this research highlights the colonic epithelium as a novel site of pain modulation while adding further insights into the gut-brain axis and the role of dietary fibre and colonic microbiota in modulating visceral sensation.
















Chapter six:

GENERAL DISCUSSION


This thesis provides additional insights into the important and diverse roles that SCFAs and the enteroendocrine system play in colonic physiology and disease states ranging from colorectal carcinogenesis to IBS. 
6.1	NRP-1 expression in colonic epithelium
In chapter 2 I demonstrated that NRP-1, a co-receptor that plays a role in tumour growth, angiogenesis and metastasis and is known to be downregulated by butyrate, is expressed in the colonic GLP-1 expressing EEC. My findings therefore provide additional insights into the role the EEC system may play in colorectal carcinogenesis. In chapter 3, I also demonstrated, for the first time, that NRP-1 is expressed in the same enteroendocrine-like pattern in mouse colon as in human colonic epithelium.
The expression of NRP-1 in colonic EECs does however appear more complex, with only partial co-localisation with GLP-1 observed in this study. The exact EEC subtype that expresses NRP-1 therefore remains undetermined, as does the role that NRP-1 plays in the normal colonic epithelium. From the time since I completed by IHC colocalisation study there has been increasing evidence that EEC subtype should no longer be defined by a single hormone signature with leaders in the field of EEC research challenging the traditional classification of EECs (Drucker, 2016, Gribble and Reimann, 2016, Fothergill and Furness, 2018). In the future EECs may be classified aided by single-cell cluster analysis based on expression profiles beyond the traditional hormonal signature to include receptor and transcription factor expression (Haber et al., 2017).   
Given that EEC classification appears more complex than initially thought one other possibility is that the NRP-1+ cells represent a previously undefined subset of EECs that only partially colocalise with known markers of differentiated EECs. NRP-1 may therefore be expressed by a post commitment, pre-differentiation phase of post-stem cells.
There were several limitations of my investigation to determine the exact cell-type that expresses NRP-1. IHC provides a semi-quantitative approach and can be influenced by reaction and interpretation bias. Despite carefully optimised protocols and appropriate antigen retrieval techniques and detection systems, IHC can result in false-positive staining which may influence results. Instead of using serial sections for my colocalisation study, using a double staining technique with IF may be preferable, although fresh frozen tissue would be required to avoid the issue of auto-fluorescence that is encountered by using formalin fixed tissue that was available for my experiments. 
My systematic comparison of published epithelial dissociation techniques demonstrated that the approach described by Booth et al (Booth C, 2002), with the addition of dispase, yielded the greatest number of viable single epithelial cells. However there were limitations in my strategy to the perform FACS isolation of NRP-1+ve cells in order to extract RNA to then in turn perform PCR gene expression profiling that would provide more information on the NRP-1 expressing cell type. The multiple chelation, mechanical and enzymatic dissociation steps that I utilised may have caused excessive apoptosis and cellular disruption resulting in excessive cellular debris and background staining, from which I was unable to consistently obtain a suspension of cells from which NRP-1+ cells could be isolated.


6.2	The challenge of EEC research and alternative approaches
An important factor in the difficulties I encountered is the rarity of NRP-1 expressing EECs within the colonic epithelial compartment. Utilising an epithelial cell immunomarker to both assess purity of the single cell suspensions I was obtaining and to quantify the number of epithelial cells that remained attached to the remnant colon would potentially have also been a more effective approach for me to use. However the challenges I encountered, chiefly as EECs represent a small dispersed subset of cells within the larger epithelial population, highlights how EEC biology remains a difficult research field, and in the past has prohibited the use of primary single-cell based techniques and instead has led to a reliance on murine or tumour derived cell lines. However, with recent advances in transgenic fluorescent reporter mice models to isolate EECs, developments in pluripotent stem-cell technology and the development of human intestinal organoid (HIO) models that contain all the principal epithelial cell types with maintained polarity in a 3D ‘crypt-like’ structure (Petersen et al., 2014, Drucker, 2016), all provide great promise in overcoming the challenges of investigating such a dispersed cell type. The use of magnetic beads conjugated with epithelial cell makers and LCM technologies, which can be used in combination with IHC antigen detection or genotypical identification with in-situ hybridisation offer more reliable approaches to obtain viable, pure yields of single-cell populations of rare cell types. Certainly these developments should all help extend future understanding of the complexities of EEC biology. 
6.3	Potential roles of NRP-1 in the colonic epithelium 
It is well established that NRP-1 plays an important role in cellular adhesion and migration with several studies supporting the role of NRP-1 in the development and patterning of non-neuronal and non-vascular tissues, including the thymus (Lepelletier et al., 2007), lung branching (Becker et al., 2011), salivary gland development (Chung et al., 2007) and kidney organogenesis (Reidy and Tufro, 2011). It could therefore be speculated that NRP-1 is involved in a similar function in the colonic epithelium.
EECs express several hormones and transcriptional regulators originally characterised in the nervous system which formed the basis of suggestions that EECs migrate from the neural crest (the origin of somatosensory, autonomic neurons and other migrant cell types (Skipper and Lewis, 2000)), with NRP-1 appearing to play a role in neural crest cell differentiation and neuronal cell fate (Schwarz et al., 2009). A series of linage tracing experiments have refuted the notion that EECs originate from the neural crest, demonstrating that all epithelial cells types of the intestinal mucosa, including EECs, are differentiated from pluripotent stem cells from within the crypts and are thus derived from the endoderm (May and Kaestner, 2010). However EECs do express genes with well-established neural functions, including PAX6, islet-1, NeuroD and NGN-3 that are required for the normal differentiation of EECs which suggests a quasi-neural ancestry (Skipper and Lewis, 2000). Studies investigating the Notch-signalling pathway in the intestinal epithelium also reveal a further parallel with neuronal function. Notch signalling controls the bHLH transcription factor-driven differentiation of mature EECs from EEC progenitor cells (May and Kaestner, 2010) and also mediates lateral inhibition of EECs – a cell-to-cell interaction through which a differentiating cell destined for EEC fate prevents its neighbour from differentiating in the same way at the same time, a mechanism well defined in neurogenesis. Aspalter and colleagues have previously demonstrated NRP-1 to be a downstream effector of Notch signalling in angiogenesis (Aspalter et al., 2015) with recent data also suggesting that NRP-1 influences arterial differentiation from pluripotent endothelial stem cells, with NRP-1+ve vascular progenitor cells exhibiting increased gene expression of several Notch pathway-related arterial markers (Kim et al., 2018). One could therefore also speculate that NRP-1 may play role in EEC differentiation, migration and crypt positioning.
Another potential role for NRP-1 in the colonic epithelium may lie in a currently unidentified guidance mechanisms that influences EEC position in relation to colonic mucosal nerve afferents. The NRP-1-SEMA3 interaction governs axonal pathfinding in central and peripheral nerves (Huettl and Huber, 2017) where SEMA3 molecules are thought to diffuse across cells and demarcate it as a “no entry” zone for cell populations expressing NRP-1 in a paracrine manner (Wang et al., 2011b). In addition, VEGF164 ligation with NRP-1 is thought to generate a chemoattractant signal for neurones (Fantin et al., 2009) and there has also been interest in NRP-1 and SEMA3s in the ENS with NRP-1 noted to play a role in axonal projections and guidance in the developing gut (Shepherd and Raper, 1999, Anderson et al., 2007). 
Bohorquez et al’s intriguing work on the 3D ultrastruture of the murine EEC, which utilised serial block face scanning electron microscopy (SBEM) and confocal microscopy, identified a axon-like basal process of the EEC, termed the ‘neuropod,’ that contained the majority of secretory vesicles and neurofilaments. They also demonstrated a previously unknown physical relationship between the EEC and mucosal-type enteric glia that are located in the lamina propria. Although initially regarded as passive support cells, enteric glia are now appreciated to be actively involved in ENS and epithelial barrier function where they form a cellular and molecular bridge between enteric nerves, EECs, epithelial and immune cells in the gut wall (Sharkey, 2015). Enteric glia have been shown to modulate intestinal epithelial proliferation (Bach-Ngohou et al., 2010). Bohoroquez and colleagues also discovered, through gene analysis performed on FACS sorted PYY-GFP cells, that EECs express four out of the six neurotrophic factor receptors that were probed.  Functional studies, utilising a novel in vitro intestinal organoid system, also demonstrated that the neurotrophic factors NGF-β and artemin enhanced the development of neuropods in EECs (Bohorquez et al., 2014).   NRP-1 and its ligands SEMA3 and VEGF may also potentially involved in this process, in which NRP-1 expressed by EECs may influence the physical interaction between EEC neuropods and enteric glia and mucosal neuronal afferents.
6.4	Alterations in EEC population in colorectal carcinogenesis
In chapter 4 of this thesis I demonstrated that the enteroendocrine system becomes disrupted in colorectal carcinogenesis. Perturbations in EEC numbers were observed in the neoplastic colonic epithelium.  Field effects were also demonstrated with an altered relationship identified between SCFAs concentration and EEC numbers in the adenoma field. 
My investigation of alterations in EEC population in colorectal carcinogenesis was based solely on IHC methodology. While this method permits the assessment of EEC marker expression in histologically intact colonic epithelium, this technique is semi-quantitative and the disrupted epithelial architecture seen in neoplastic tissue made assessment of this tissue difficult to interpret. Also, while my findings prove correlations between EEC population numbers and SCFAs in normal and neoplastic epithelium, they do not prove any causation. The smaller sample numbers, especially in adenocarcinoma specimens, may have also underpowered the study resulting in type I errors.  Alternative techniques that I could utilise in the future to further characterise perturbation in EEC populations in colorectal carcinogenesis include other protein methods such as Western blots and TMA technology. Isolation of single EECs from neoplastic tissue would also offer an alternative approach, although would be challenging, as discussed above.
6.5	Implications of perturbation in EECs in colorectal carcinogenesis
The pan-colonic upregulation of EEC seen with disease progression may represent an attempt by EECs to maintain homeostasis in a colonic environment deranged by tumour activity. The depression of D-cells in neoplastic lesions and in their surrounding fields may also represent a loss of anti-cancer mechanisms that EEC may offer in the normal epithelium. This suggests a potential important role of SST secreting D-cells, populations of which are suppressed in the lesion field where they have a positive correlation with butyrate. Analysis of EEC dynamics supports the concept that L- and D-cells share the same differentiation pathway which differs to that of EC cells. Colonic EC cells also appear to have a divergent response to SCFAs compared to L-and D-cells which exhibit positive correlations with SCFAs in the adenoma field. 
The EEC component of colonic neoplasms may secrete hormones that influence gut motility or factors that can alter water absorption and ion balance which may result in altered colonic function. Although symptoms such as abdominal pain and change in bowel habit can be secondary to bowel obstruction caused by larger tumours, the alteration in EEC populations in patients with neoplastic colonic lesions may potentially contribute to changes in bowel habit reported in patients with non-obstructing colonic adenoma or adenocarcinoma. 
The alterations in EEC numbers in the neoplastic lesion field represent another example of field cancerisation in the colorectum. This may have implications for current practices as endoscopic removal of adenomas may not be sufficient for the prevention of cancer. Resection margins may also need re-evaluation. Previous work in our group investigating alterations in keratin expression in the lesion field have suggested that interventions, such as lesion removal and dietary modification, can restore normality (Evans et al., 2015). Chemopreventative strategies, such as increasing dietary fibre intake and probiotics, may therefore have a potential role in maintain colonic EEC populations in order to prevent metachronous disease.
6.6	Influence of SCFAs on colonic afferent sensitivity
Data presented in chapter 5 demonstrated, for the first time, that luminal SCFAs inhibit afferent mechanosensitivity in the mouse colon, indicating that SCFAs may therefore play an important role in colonic nociception. Given that the inhibition in colonic AD is not due to a direct effect of SCFAs on the neuronal afferents, it is likely that the presence of luminal SCFAs results in release of another signalling molecule downstream that may itself act on the colonic afferents resulting in the attenuation of colonic afferent sensitivity. As hypothesised earlier in this thesis, luminal SCFAs may signal via FFA2 and/or FFA3 on colonic EECs resulting in the release of gut peptides that act on colonic afferent fibres in a paracrine manner. GLP-1 and SST have been recently highlighted by Reed and Blackshaw as epithelial derived mediators that may play an inhibitory role in visceral nociception (Reed and Blackshaw, 2014).
While the in vitro lumbar colonic splanchnic nerve afferent recording technique used in my experiment provides a robust, reproducible approach to recording nerve activity from the colonic segment without any modulation from the CNS. However there are some limitations of this technique. This represents only one component of the neuronal signalling cascade that is involved in visceral pain sensation. Additional approaches that could be considered to further assess the influence of SCFAs on all mechanisms of the gut-brain signalling pathway would include in vivo animal experiments to measure the effect of luminally applied SCFAs on viceromotor responses, electromyographic signals or on functional brain MRI. Although my calcium imaging experiments did not reveal any direct effect of SCFAs on afferent sensitivity, I used unselected thoracolumbar and lumbrosacral DRG neurones which may have not being specific to the colorectum. The use of retrograde neuronal labelling techniques or ex vivo intact DRG-gut preparations to measure the excitability of colorectal specific nerve cell bodies could also be considered in future work.

Although abdominal nociception performs an important role in alerting the patient to potential intra-abdominal pathology, disease states characterised by visceral pain, especially IBS and IBD, are important health problems with current available treatment options sub-optimal.    A randomised, placebo-controlled double-blinded trial of a novel GLP-1 analog ROSE-010 was shown to reduce acute exacerbations of abdominal pain (Hellstrom et al., 2009). More recently a Japanese group have also reported that another GLP-1 analog, liraglutide, reduces visceral hypersensitivity in a rat model of visceral pain evoked via colonic balloon distension (Nozu et al., 2017). Li and colleagues have also recently demonstrated, with enzyme-linked immunosorbent assay (ELISA) and IHC, a significant reduction in expression of GLP-1 and GLP-1R in rectosigmoid biopsies in patients with constipation-predominant IBS (IBS-C) compared with healthy controls (Li et al., 2017).   It has been previously shown that GLP-1 can directly activate vagal afferents in the jejunum (Gaisano et al., 2010). However given that the expression of GLP-1 is greatest in the colorectum, this raises the interesting possibility that SCFA-induced secretion of GLP-1 from colonic L-cells may inhibit colonic spinal afferents responsible for nociceptive transmission (Reed and Blackshaw, 2014).
SST has a largely inhibitory role in several physiological functions in the GI tract and there are several studies that have emerged indicating SST plays an additional role in inhibition of gut afferent sensitivity. SST-R agonists have been shown to inhibit jejunal afferent fibres in an in vivo rat model (Booth et al., 2001) with Rong et al suggesting a tonic inhibitory role of SST in visceral sensitivity after demonstrating that jejunal afferents in knockout mice lacking SST-R2 had augmented responses to both low and high threshold distension (Rong et al., 2007). Previous work in humans revealed that ocreotide inhibited rectal balloon distension in healthy volunteers and IBS patients (Hasler et al., 1993, Hasler et al., 1994) and ocreotide has also been shown to inhibit capsaicin-induced activation of cutaneous sensory nerve afferent in an in vivo rat model (Wang et al., 2011a).
Antagonists to FFAR2 and FFAR3 are still in development and not widely available to date (Bindels et al., 2013). The next step therefore will be to further investigate whether GLP-1 or SST mediates the inhibitory effect of SCFAs on colonic afferent mechanosensitivity by performing further extracellular colonic afferent nerve recordings and utilising the GLP-R antagonist (exendin 9-39) and SST antagonist (cyclosomatostatin) to determine if these drugs abolish the inhibitory effect of SCFA on colonic afferent mechanosensitivity. 
It has been previously found that the instillation of intra-vesical VEGF resulted in altered increased visceral sensitivity (Malykhina et al., 2012) and more recently systemic anti-VEGF antibody has been shown to reduce pelvic nociception in a mouse model of cystitis (Lai et al., 2017). Given that VEGF is stored with the secretory vesicles of colonic EECs (Gulubova and Vlaykova, 2008), it would also be interesting to investigate the effect that VEGF may have on colonic afferent sensitivity and compare the effect of anti-VEGF antibody treatment with placebo on colonic visceral sensitivity in a murine model of IBS (see figure 6.1). 
Finally, with emerging experience in recording human colon afferent nerve firing using similar extracellular in vitro recording techniques (Ng et al., 2016, Peiris et al., 2011, Jiang et al., 2011, Yu et al., 2016), a longer term aim would be to assess the influence of SCFAs and EEC peptides on human colonic afferent sensitivity using an extracellular in vitro preparation of human colon to determine if the findings in the mouse model translate to human tissue. 







[image: ]
Figure 6.1: Microbiota-gut-brain communication: hypothesis and future direction. SCFAs may influence colonic afferent mechanosensitivity directly. Luminal SCFA sensing by the colonic L-cell may result in downstream signalling to release peptides such as GLP-1 which then act on the spinal sensory afferent endings lying in the submucosa, in turn signalling to the CNS. VEGF could also be a candidate signalling peptide released from the EEC (Figure amended from Sharkey, 2016)




6.7	Increasing focus on the gut microbiome and future perspectives
Between 2013 and 2017, the number of publications focusing on the gut microbiome in intestinal and extra-intestinal diseases numbered almost 13,000 which represents four-fifths of the total number of publications over the last 40 years that investigated this topic (Cani, 2018). In the last five years there has been a surge of interest in the relationship between the gut microbiome in both colorectal cancer (Saus et al., 2019) and in visceral pain (Pusceddu and Gareau, 2018). 
Current evidence indicates that gut microbiota-host crosstalk is centred around the enteroendocrine system with microbial-mediated gut hormone release thought to play an important role in host metabolism. Several potential signalling pathways have been suggested including direct recognition of microbial structural components, such as flagella or membrane-bound lipopolysaccharides by toll-like receptors know to be expressed by EECs. Microbial derived molecules, such as bile acids and tryptophan metabolites, may also play a role, however thus far it is SCFAs that have been implicated as the major signaling molecule in gut microbiome-host communication (Martin et al., 2019).
The theory that dysbiosis of the resident colonic flora may create a microenvironment that promotes colorectal tumour development is gaining increasing support (Gagniere et al., 2016, Saus et al., 2019). It is thought that certain microbes may be associated with an increased risk of colorectal cancer, whereas other microbes may mediate a protective phenotype through metabolite production (eg butyrate) or by outcompeting pathogenic bacteria. Diet is one of the most influential factors that shape the human gut microbiome and supplementation of a high fibre diet and butyrate-producing bacteria can reduce colon tumour growth in a mouse model (Donohoe et al., 2014).  
With regards the microbiome and visceral pain, studies using germ free mice have demonstrated that commensal bacteria are necessary for the development of adequate pain sensitivity (Amaral et al., 2008) and excitability of gut sensory neurons (McVey Neufeld et al., 2013) and recent findings have linked the microbiota to IBS suggesting the ability of microbes to modulate visceral hypersensitivity and nociception (Pusceddu and Gareau, 2018). Microbial dysbiosis has been demonstrated in patients with IBS with bacterial enteritis known to trigger IBS (Dupont, 2014) however the exact mechanisms underpinning the influence of the gut microbiome on visceral sensation is not known. Given the influence that colonic microbiota has on luminal SCFA levels, my findings in this thesis also provide evidence of a potential mechanism by which colonic microbiota may influence the gut-brain axis and may play a role in disease such as IBS. 
Certainly the role of the enteroendocrine system and SCFAs in colonic pathophysiology appears complex and investigating EECs and colonic SCFAs in vivo remains a challenge. As technologies in faecal metabonomics and human EEC isolation and culture emerge, further research is merited to further characterise the role of EEC and their interaction with SCFAs in colonic health and disease. A better knowledge of the relationship between dietary fibre, microbial-derived SCFAs and EECs in colonic pathophysiology may offer new opportunities for the development of therapies targeting the microbiome, such as prebiotics, probiotics, specific antibiotics or faecal transplantation (Schmidt et al., 2018). 
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VIII                                                       appendix

Reagents used (not detailed in main text)
	Sodium Citrate Buffer  10mM (pH 6) 
	Composition

	Sodium citrate
	1.92g

	dH2O 
	1000 mLs

	Tween20
	0.5 mLs



	PBS Buffer
	Composition

	PBS tablets
	x50

	dH2O
	1000 mLs



	PBST Buffer
	Composition

	PBS tablets
	x50

	dH2O
	1000 mLs

	Tween20
	5 mLs



	PBS Buffer
	Composition

	PBS tablets
	x50

	dH2O
	1000 mLs




	3% hydrogen peroxide
	Composition

	30% hydrogen peroxide
	30 mLs

	Methanol
	270 mLs



	Krebs solution  (pH 7.4)
	Composition  (mM)

	NaCl
	120

	KCl
	5.9

	NaH2PO4
	1.2

	MgSO4
	1.2

	NaHCO3
	25

	CaCl2
	2.5

	Glucose
	11.5
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