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ABSTRACT 

Cholecystokinin (CCK) secreting enteroendocrine (EEC) I cells which 

distribute in gastrointestinal tract play an important role in lipid sensing, 

digestion and fatty acids uptake. Although a lot of research has been 

performed, the whole mechanism of fat sensing and fatty acid uptake and 

hormone expression in the CCK cells is still unclear. Global analysis to 

characterise the CCK cells is essential.  

CCK cells have an indistinct morphology, a diffuse distribution and a small 

percentage of population in the small intestine. However, the generation 

of genetic fluorescence tagged animal model facilitates the study of these 

cells. In this thesis, single cell dissociation methods and RT-PCR 

methodologies for detecting nutrient sensing receptors and fatty acids 

transporters were established and optimised. Expression of mRNAs for fat 

sensing GPCRs were detected in mouse duodenal epithelium. Expression 

of FATP family and CD36 in CCK cells and enterocytes was studied by RT-

PCR. FATP2, FATP4 and CD36 mRNA were found in both CCK cells and 

enterocytes. 

Cell culture methodologies enabling the study of function (calcium 

imaging and FACS analysis) were established and optimised by checking 

the cell viability as a criterion. 

The methodology combining the immunochemistry and FACS analysis to 

study the hormone was established but requires further optimisation. 
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1 INTRODUCTION 

1.1 Importance of Lipids 

1.1.1 Food and Nutrition 

Most of the lipid found in food is in the form of triacylglycerols (TG), 

cholesterol and phospholipids. A minimum amount of dietary fat is 

necessary to facilitate the absorption of fat-soluble vitamins (A, D, E and 

K) and carotenoids. Carotenoids are important simple isoprenoids that 

function as antioxidants and as precursors of vitamin A (Rao, 2007). Some 

essential fatty acids, such as linoleic acid (an omega-6 fatty acid) and 

alpha-linolenic acid (an omega-3 fatty acid), are required in the diet 

because they cannot be synthesised from simple precursors.  

1.1.2 Energy Storage 

Lipids are one of the most important daily energy supplies. Adipose or 

fatty tissue is the body's means of storing metabolic energy for extended 

periods of time. Triacylglycerols are a major form of energy storage. When 

the body needs energy, fat mobilisation will start via the activation of the 

hormone-sensitive enzyme lipase. Triacylglycerols, glycerol and fatty acids 

release from adipose tissue. These metabolic activities are regulated by 

several hormones (i.e., insulin, glucagon and epinephrine) (Van Holde, 

1996; Brasaemle, 2007).  

http://en.wikipedia.org/wiki/Retinol
http://en.wikipedia.org/wiki/Calciferol
http://en.wikipedia.org/wiki/Tocopherol
http://en.wikipedia.org/wiki/Phylloquinone
http://en.wikipedia.org/wiki/Carotenoids
http://en.wikipedia.org/wiki/Carotenoid
http://en.wikipedia.org/wiki/Antioxidant
http://en.wikipedia.org/wiki/Vitamin_A
http://en.wikipedia.org/wiki/Linoleic_acid
http://en.wikipedia.org/wiki/Omega-6_fatty_acid
http://en.wikipedia.org/wiki/Alpha-linolenic_acid
http://en.wikipedia.org/wiki/Adipose_tissue
http://en.wikipedia.org/wiki/Lipase
http://en.wikipedia.org/wiki/Insulin
http://en.wikipedia.org/wiki/Glucagon
http://en.wikipedia.org/wiki/Epinephrine
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1.1.3 Structural Lipids 

Phospholipids are the main structural component of the lipid bilayer, 

together with the sterol lipids, such as cholesterol and its derivatives and 

sphingomyelins, which form biological membranes, such as cellular 

plasma membranes and the intracellular membranes of organelles. They 

also play a role in metabolism and cell signalling (Bach & Wachtel, 2003). 

1.1.4 Cell Signalling 

Fatty acids play an important role in cell signalling. Signalling occurs via 

the activation of G protein-coupled receptors or nuclear receptors (Eyster, 

2007). Several different lipid categories have been identified as signalling 

molecules and cellular messengers. These include sphingosine-1-

phosphate, a sphingolipid derived from ceramide that is a potent 

messenger molecule involved in regulating calcium mobilisation, cell 

growth, and apoptosis (Hinkovska-Galcheva et al., 2008; Saddoughi, 2008); 

diacylglycerol (DAG) and the phosphatidylinositol phosphates (PIPs), 

which are involved in calcium-mediated activation of protein kinase C 

(Klein& Malviya,2008); the prostaglandins, which are one type of fatty-

acid derived eicosanoid involved in inflammation and immunity 

(Boyce,2008); and bile acids and their conjugates, which are oxidized 

derivatives of cholesterol and synthesised in the liver of mammals (Russell, 

2003). 

http://en.wikipedia.org/wiki/Cholesterol
http://en.wikipedia.org/wiki/Biological_membranes
http://en.wikipedia.org/wiki/Plasma_membrane
http://en.wikipedia.org/wiki/Organelles
http://en.wikipedia.org/wiki/Metabolism
http://en.wikipedia.org/wiki/Cell_signaling
http://en.wikipedia.org/wiki/G_protein-coupled_receptor
http://en.wikipedia.org/wiki/Nuclear_receptor
http://en.wikipedia.org/wiki/Second_messenger_system
http://en.wikipedia.org/wiki/Sphingosine-1-phosphate
http://en.wikipedia.org/wiki/Sphingosine-1-phosphate
http://en.wikipedia.org/wiki/Diacylglycerol
http://en.wikipedia.org/wiki/Phosphatidylinositol
http://en.wikipedia.org/wiki/Protein_kinase_C
http://en.wikipedia.org/wiki/Prostaglandins
http://en.wikipedia.org/wiki/Inflammation
http://en.wikipedia.org/wiki/Immunity_(medical)
http://en.wikipedia.org/wiki/Bile_acid
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Resistin, a cysteine-rich protein secreted by the visceral fat of mice and 

rats, was discovered to be adipocytokine; production shows a positive 

correlation between obesity and an increased risk of gastric cancer 

(Nakajima et al., 2009), and it is also associated with insulin resistance, 

type 2 diabetes and gestational diabetes mellitus (Kuzmicki et al., 2009).  

 

Free fatty acids take part in many nutrient uptake and storage processes 

such as impairment of insulin-mediated glucose uptake and glycogen 

synthesis in muscle, and the potentiation of glucose-stimulated insulin 

secretion in pancreatic islets (Thompson, 2000; Prentki, 1992). 

 

1.2 Structure of the Small Intestine and Intestinal Epithelium 

From the outermost to innermost (the lumen) region, the small intestine 

is composed of serosa, muscularis, submucosa, and mucosa (see fig 1-1).  

 

A single layer of epithelial cells lining the mucosa is derived from the stem 

cells located in the crypts of Lieberkühn (Cheng & Leblond, 1974). This 

crypt cell population migrates along the crypt-villus axis and differentiates 

into four cell lineages: absorptive enterocytes, mucus-secreting goblet 

cells, Paneth cells and hormone-producing endocrine cells (Cheng & 

Leblond, 1974; Barker et al., 2008). 

http://en.wikipedia.org/wiki/Cysteine
http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Crypts_of_Lieberk%C3%BChn
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In contrast to other cell types, Paneth cells migrate to the crypt base 

(Cheng, 1974), where they produce antimicrobial peptides and growth 

factors (Jobin et al., 1999). The other three types of cells move upwards 

to the villi and, during their journey, undergo the process of maturity and 

apoptosis, before finally being shed into the lumen. The lifespan of these 

cells is 2-3 days in rodents (Cairnie et al., 1965; Gordon, 1989) and 5-6 days 

in humans (Lipkin, 1987). 

 

 

Figure 1- 1 Schematic diagram of the small intestine structure. 

A: The 4 layers of the small intestine; B: Structure of crypt and villus; CCK-secreting 

enteroendocrine I-cells reside in the upper small intestine. C: The apical membrane of 

the cell is exposed to the lumen. The microvilli enlarge the surface of the small 

intestine and help with nutrient sensing and absorption.  
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1.3 Enteroendocrine Cells 

The enterocytes comprise the majority of the epithelial cell population. 

The enteroendocrine cells are diffusely distributed in the small intestine 

and represent less than 1% of small intestinal epithelial cells (Cheng & 

Leblond, 1974). The enteroendocrine cell types are categorised by their 

morphology, distribution and hormonal products (Sjölund et al., 1983; 

Rindi et al., 2004). The majority of enteroendocrine cell types have a well-

developed brush border membrane at their apical surface, facing towards 

the gut lumen. This structure indicates that these cells sense the content 

in the lumen; these cells are called open-type cells (Reimann et al., 2011). 

The hormones secreted by these enteroendocrine cells regulate 

gastrointestinal mobility and secretion and are also involved in the control 

of metabolism (Habib et al., 2012). Conventionally, these include 

cholecystokinin (CCK), secreted from I-cells (Liddle et al., 1985), gastric 

inhibitory peptide (GIP) secreted from K-cells and glucagon-like peptide-1 

(GLP-1) secreted from L-cells (Sjölund et al., 1983). According to the 

Wiesbaden classification, CCK-secreting cells were named I-cells due to 

their intermediate size (Solcia, 1973). The following section gives further 

information about CCK and the CCK-secreting I-cells. A list of 

enteroendocrine cell types based on the classical Wiesbaden system is 

shown in Table 1-1. 
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Cell types, hormonal productions and distribution of some gastrointestinal EEC cells in 

humans (Polac et al., 1975; Sjölund et al., 1983; Bordi et al., 2000; Rindi et al., 2004; 

Deacon, 2005; Tolhurst et al., 2009). 

 

 

1.4 CCK and CCK (I) Cells 

1.4.1 I-Cells and CCK Release 

CCK (I) cells are distributed throughout the duodenum and are also found 

in the jejunum and ileum (Polac et al., 1975; Sjölund et al., 1983). CCK cells 

are flask-shaped, with their apical surfaces oriented towards the lumen of 

the gut (Polac et al., 1975; Buchan et al., 1978). This orientation enables I-

cells to contact and sense nutrients in the intestine (Liddle, 1997). 

 

The release of CCK is stimulated by the ingestion of food that contains fat 

or proteins (Pilichiewicz et al., 2006; Hall et al., 2003). CCK secretion is 

initiated when food leaves the stomach and enters the small intestine, and 

Cell 

type 

Hormones Distribution 

peptide amine stomach 
Small intestine Large 

intestine duodenum jejunum Ileum 

EC  5-HT Ҟ Ҟ Ҟ Ҟ Ҟ 

G Gastrin  Ҟ Ҟ      

D somatostatin  Ҟ Ҟ Ҟ few few 

S Secretin 5-HT  Ҟ Ҟ     

I cholecystokinin   Ҟ Ҟ few    

P/D1 ghrelin  Ҟ few few few    

L GLI/PYY   few Ҟ Ҟ Ҟ 

K GIP   Ҟ Ҟ few  

Table 1- 1 Classification of enteroendocrine cells. 
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secretion continues until proteins, fats, and their metabolites have all 

passed from the upper small intestine (Liddle, 1997). It was found that 

free fatty acids (FFA) rather than intact triglycerides (Guimbaud et al., 

1997) and fatty acid esters (McLaughlin et al., 1998) induced the release 

of CCK from EECs. The most effective stimulants are long chain fatty acids. 

A dependency of chain length was discovered in FFA-induced CCK 

secretion both in vivo (McLaughlin et al., 1999) and in vitro in STC-1 cell 

lines (McLaughlin et al., 1998). Plasma CCK concentration was consistently 

and similarly elevated by fatty acids with a chain of 10 carbon atoms or 

longer, whereas those containing 10 or fewer carbon atoms failed to 

increase plasma CCK (see Fig 1-2). 

 

Figure 1- 2 Dose and chain length dependence of FA-induced CCK secretion in STC-1 

Cells. 

Cells were challenged with increasing concentrations of C6 (n = 4), C8 (n = 4), C10 (n = 

5) and C12 (n = 5) saturated fatty acids over 15 min. Results are expressed as a 

percentage of CCK secretion in control (untreated) cells over the same period. Data 

are means ± s.e.m. *P < 0·01, **P < 0·001 (Reproduced from McLaughlin et al., 1998). 
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1.4.2 Peptide Structure of CCK 

CCK is derived from a 115 amino acid preprohormone and is cleaved to 

form peptides differing in amino acid chain length (Fig 1-3). Among them, 

CCK8 is believed to be the major functional unit of this peptide (Takahashi 

et al., 1985). The majority of CCK in the intestine is present as CCK-33 and 

CCK-22 (Mutt, 1980; Rehfeld et al., 2001), while CCK-8 is primarily found 

in the brain and central nervous system (Dockray, 1980).  

 

 

Figure 1- 3 Primary structure of CCK. 

CCK was isolated from porcine duodenum as a 33-amino acid peptide (CCK-33). CCK-8 

was found in the rat brain, and shows the highest affinity for CCK1 receptor. There are 

two other natural molecular variants of CCK: CCK-39 and CCK-58, which bind to CCK1R 

with a ǎƛƳƛƭŀǊ ŀŦŬƴƛǘȅ ǘƻ //Y-8 (Dufresne et al., 2006). 

 

1.4.3 CCK Receptors 

Originally, CCK receptors were characterised on pancreatic acinar cells, 

islets, gallbladder, and in the brain by radioligand binding and 

autoradiography (Williams, 1982). In the pancreas and gallbladder, CCK 
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bound with an affinity that was ~1,000-fold greater than that of either 

unsulphated CCK or gastrin; these receptors were termed CCK-A (A for 

alimentary origin). In the brain, however, CCK and gastrin bound with 

similar affinities; these receptors became known as CCK-B (B for brain 

origin) (Liddle, 1997). The CCK-A receptor has been renamed the CCK1 

receptor (CCK1R), and the CCK-B receptor has been renamed the CCK2 

receptor (CCK2R), based on the recommendations of the International 

Union of Pharmacology (IUPHAR) committee regarding receptor 

nomenclature and drug classification (Dufresne et al., 2006). 

 

1.4.4 Physiological Roles of CCK 

Cholecystokinin is an important hormonal regulator of the ingestion, 

digestion and the absorption of nutrients (Liddle, 1997). It was first 

discovered due to its ability to stimulate gallbladder contraction after 

injection in dogs (Ivy & Oldberg, 1928). A high density of CCK receptors 

was detected in the gallbladder muscle, CCK (Grider et al., 1987). SonobŜΩǎ 

group found that CCK-induced gallbladder contractions are controlled 

through CCK1 receptors both on the vagal nerve, in stimulating the 

endogenous release of acetylcholine, and on the gallbladder, to directly 

stimulate muscle contraction in dogs (Sonobe et al., 1995). 
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CCK simulates the secretion of pancreatic enzymes as it binds the CCK cell 

receptors (Dufresne et al., нллсύΦ //Yмw ǿŀǎ ŘŜǘŜŎǘŜŘ ƛƴ ʰ-cells in the pig 

pancreas (Schweiger et al., нлллύΦ //Yмw ǿŀǎ ŀƭǎƻ ŦƻǳƴŘ ƛƴ ōƻǘƘ ʲ-cells 

ŀƴŘ ʰ-cells in rats ŀƴŘ ʰ-cells in pigs and the human endocrine pancreas 

(Sakamoto et al., 1985; Kageyama et al., 2005; Morisset et al., 2003). As a 

neuropeptide, CCK inhibits the motility and emptying of the intestine 

(Raybould & Tache, 1988) and reduces food intake (Smith et al., 1981) by 

affecting vagal afferent. CCK is implicated in satiety via CCK1 receptors 

(Mutt, 1988; Miyasaka, 1995), acting as a neuromodulator (Baldwin et al., 

1998; Blevins et al., 2000). However, the short-term satiety role of CCK1 

receptors was confirmed in CCK1 receptor-deficient mice that showed no 

change in food consumption after the administration of CCK in contrast to 

wild-type animals (Kopin et al., 1999). Dockray suggested that the vagal 

afferent neuron inhibition or stimulation of food intake induced by CCK is 

determined by the previous food intake and that these effects last hours 

or even days (Dockray, 2009). 

 

1.5 Proposed Mechanisms of Dietary Fatty Acid Sensing 

The chemosensor for fatty acids sensing by intestinal I-cells is still unclear. 

However, there is presently a hypothesis that the intestinal I-cell detects 

the lipid via direct and indirect mechanisms.  
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1.5.1 Direct Mechanisms 

A group of G-protein coupled receptors was found to be expressed 

throughout the body and act as fatty acid sensors (Briscoe et al., 2003; 

Itoh et al., 2003). GPR40 and GPR120 have been found to be receptors for 

medium to long chain fatty acids (Briscoe et al., 2003; Wellendorph et al., 

2009). Long chain fatty acids (LCFA) have the effect of inhibiting the 

motility of the intestine and induce satiety by inducing CCK release. 

 

GPR41 and GPR43, found in the human colon, were identified as short 

chain fatty acid (SCFA) sensors. GPR41 drives SCFA-induced Peptide YY 

(PYY) secretion from colonic L-cells and both GPR41 and GPR43 play 

important roles in glucagon-like peptide 1 (GLP-1) secretion (Reimann et 

al., 2008; Samuel et al., 2008; Tolhurst et al., 2012). 

 

GPR119 binds oleoylethanolamide (OEA) (Fu et al., 2007; Schwartz et al., 

2008), a derivative of fat digestion and 2-oleolyglycerol (2-OG) (Overton 

et al., 2006), a digestive breakdown product of triglycerides. The 

activation of GPR119 induces GLP-1 secretion in L-cells (Overton et al., 

2008; Lauffer et al., 2009; Hansen et al., 2011). 
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1.5.2 Indirect Mechanisms 

LCFAs are absorbed by enterocytes and form chylomicrons before the 

subsequent transport process (Kalogeris et al., 1996). Apolipoprotein A-IV 

(ApoA-IV) is a component of the chylomicron that is secreted by the 

enterocytes when stimulated by lipids and is involved in satiety signalling 

and CCK secretion (Fujimoto et al., 1992; Raybould, 2002; Tso & Liu, 2004; 

Glatzle et al., 2004; Whited et al., 2005). 

 

1.6 GPCRs 

1.6.1 Common Features 

G-Protein-coupled receptors (GPCRs) are members of a family of 

transmembrane proteins that mediate the transmission of many kinds of 

extracellular signals to the cell interior and initiate signalling mechanisms 

that regulate multiple cellular processes (Tilakaratne & Sexton, 2005). 

Each GPCR has three common features (Fig 1-4): seven transmembrane-

spanning domains, an intracellular carboxyl terminal and an extracellular 

amino terminal (Wess, 1997). 
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Figure 1- 4 Schematic diagram of the general structure of a GPCR. 

GPCRs, also known as seven-transmembrane domain receptors, are characterised by 

an extracellular region: the N-terminus and three extracellular loops; the 

transmembrane region: seven h-helices; and an intracellular region: the C-terminus 

and three intracellular loops (Venkatakrishnan et al., 2013). 

 

1.6.2 Signal Transduction 

GPCRs are involved in the recognition and transduction of messages as 

diverse as light, Ca2+, odorants, small molecules including amino acid 

residues, nucleotides and peptides, as well as proteins. They control the 

activity of enzymes, ion channels and the transport of vesicles via the 

catalysis of the GDPςGTP exchange on heterotrimeric G proteins (Figure 

1-5) (Bockaert & Pin, 1999). However, it is not clear how the G-protein 

binds to the receptor. A variety of biochemical and biophysical studies 

suggest that GPCR activation is via ligand-induced changes in the relative 

orientation of individual transmembrane helices, which affect the 

conformation of the intracellular receptor surface, thus allowing 

productive coupling to G-proteins (Wess, 1997). 
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There are three main G protein families: Gs, Gi and Gq; the activation 

pathways for these are different (Figure 1-6). Gs stimulates adenylate 

cyclase (AC), Gi inhibits AC and activates K+ channels and Gq stimulates 

phospholipase C (PLC) (Tilakaratne & Sexton, 2005). The Gq pathway is the 

classical pathway that is activated by calcium-mobilising hormones (Neves 

et al., 2002). 

 

 
Figure 1- 5 Signal transduction of GPCRs. 

A. The inactive state: GDP binds to the h -subunit of the G protein. B. A ligand binds to 

the receptor and activates it, making the subunit of the G protein associate from the 

receptor. In this stage, the exchange of GDP for GTP occurs. C. Dissociation of h-GTP 

from the receptor and association with a G protein effector which can catalyse the 

formation or decomposition of a second messenger. Then, the signal is transmitted 

into cells. D. In the absence of a ligand, GTP is hydrolysed into GDP due to the GTPase 

activity of the h -subunit, and the heterotrimer reforms. 
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Figure 1- 6 Activation pathway of the three main G protein families. 

 

 

 

1.6.3 Fatty Acids Sensing GPCRs 

GPR40 

GPR40 was cloned along with GPR41, GPR42 and GPR43, downstream of 

CD22 at the human chromosome locus 19q13.1 (Sawzdargo et al., 1997). 

Then, the cDNA of GPR40 was isolated from monkey, mouse, rat and 

hamster cells. Later, long-chain FFAs were found to evoke a specific 

Gs 
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increase of [Ca2+]i in CHO cells expressing GPR40 (Itoh et al., 2003). The 

highest expression of the mRNA of GPR40 is reported ƛƴ ʲ-cells of the 

pancreas. The receptor is also expressed in the small intestine, at least at 

the mRNA level (Briscoe et al., 2003; Itoh et al., 2003). This discovery 

suggests that GPR40 might be included in the mechanism of fatty acids 

sensing in the small intestine. GPR40 was found to be activated by a range 

ƻŦ ƳŜŘƛǳƳ ό/с ŀƴŘ /уύ ŀƴŘ ƭƻƴƎ όҗ/млύ ŎƘŀƛƴ ǎŀǘǳǊŀǘŜŘ ŀƴŘ ǳƴǎŀǘǳǊŀǘŜŘ 

fatty acids by using HEK293 cells stably expressing GPR40. For example, 

elaidic acid, palmitic acid and eicosatetraenoic acid (ETA) were able to 

increase intracellular calcium in a concentration-dependent manner. The 

most potent saturated fatty acids were those with carbon chain lengths of 

15 and 16 (Briscoe et al., 2003). Another group found that saturated FFAs 

with a length of C12 to C16 and both C18- and C20-length unsaturated 

FFAs increase intracellular Ca2+ concentrations using CHO cells stably 

expressing human, mouse or rat GPR40 (Itoh et al., 2003). 

 

Many studies have focused on the expression of GPR40. By using a 

quantitative polymerase chain reaction with reverse transcription (RT-

PCR), ItohΩǎ group found that the highest expression of GPR40 (according 

to the distribution of GPR40 mRNA in rat tissue) was in the pancreas. 

Although the expression was low, GPR40 mRNA was found in the 

duodenum, jejunum and ileum, as well as in the large intestine (Fig 1-7). 
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There was no GPR40 mRNA found in the rat brain (Itoh et al., 2003). In 

addition, they found that the expression of GPR40 mRNA was 

approximately 17-times greater in the pancreatic islets than in the 

pancreas as a whole. Its expression was comparable to that of type A 

cholecystokinin receptor (Wank et al., 1992), glucagon-like peptide-1 

receptor (GLP-1R) (Lankat-Buttgereit et al., 1994) and sulphonylurea 

receptor (Aguilar-Bryan et al., 1995), and greater than that of muscarinic 

acetylcholine receptor (AChR M4) (Braun et al., 1987) and somatostatin 

receptors 3 and 5 (Bruno et al., 1993), all of which are reported to be 

expressed abundantly in the islets (Itoh et al., 2003). 

 

GPR40 mRNA was expressed in the human brain, sections of the 

gastrointestinal tract and at a high level in the pancreas. Using in situ 

hybridisation, Briscoe et al. όнллоύ ŦƻǳƴŘ ǘƘŀǘ Dtwпл ǿŀǎ ŜȄǇǊŜǎǎŜŘ ƛƴ ʲ-

cells of rat pancreatic islets, in the same region of the islets as insulin. 

Dtwпл ŜȄǇǊŜǎǎƛƻƴ ǿŀǎ ŀƭǎƻ ŘŜǘŜŎǘŜŘ ƛƴ ǇŀƴŎǊŜŀǘƛŎ ʰ-cells co-expressing 

glucagon (Flodgren et al., 2007). 
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Figure 1- 7 Dtwпл Ƴwb! ƛǎ ŜȄǇǊŜǎǎŜŘ ŀōǳƴŘŀƴǘƭȅ ƛƴ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells. 

Data represent the ratios of GPR40 and other mRNAs to glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) mRNA. a: Distribution of GPR40 mRNA in rat tissues. b: 

Specific expression of GPR40 mRNA in rat pancreatic islets. CCKAR, type A 

cholecystokinin receptor; SSTR, somatostatin receptor; SUR, sulphonylurea receptor 

(Itoh et al., 2003). 

 

The relatively specific expression of GPR40 in pancreatic islets across 

species, together with the finding that signal transmission of the receptor 

is via coupling with the Gq protein, results in the elevation of [Ca2+]i and 

the stimulation of protein kinase C activity. Briscoe et al. (2003), Itoh et al. 

(2003) and Kotarsky et al. (2003) suggested that GPR40 may play a role in 

the ability of LCFAs to stimulate insulin secretion (Covington et al., 2006). 

 

GPR40 expression has been characterised in endocrine cells of the 

gastrointestinal tract, including cells expressing the incretin hormones 

GLP-1 and GIP (Edfalk et al., 2008). The LacZ reporter gene was inserted 

into the GPR40 locus of targeted GPR40+/ lacZ mice and GPR40 was found 
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to be expressed in gut enteroendocrine cells. The expression of GPR40 in 

the pylorus and duodenum was confirmed by in situ hybridisation 

analyses using a GPR40 riboprobe. Double immunohistochemical analysis 

was performed on the epithelium of the gastric pylorus, duodenum, and 

ileum of 2- to 3-month old mice using anti- -̡gal antibodies and antibodies 

that were specific for different gastrointestinal hormones (Figure 1-8). The 

-̡gal+ cells, i.e., GPR40+, were shown to express a wide variety of 

ŜƴŘƻŎǊƛƴŜ ƘƻǊƳƻƴŜǎΦ Lƴ ǘƘŜ ǇȅƭƻǊǳǎ ŀƴŘ ŘǳƻŘŜƴǳƳΣ ʲ-gal/GPR40 

expression co-localised with gastrin, GIP, GLP-1, ghrelin, CCK, PYY, secretin, 

serotonin, and substance P expression; while ƛƴ ǘƘŜ ƛƭŜǳƳΣ ʲ-gal/GPR40 

expression co-localised predominantly with that of GLP-1 (Edfalk et al., 

2008). 

 

All GPR40-expressing cells in the intestine were hormone-positive (ghrelin, 

GIP, GLP-1, CCK, PYY, substance P, serotonin, and secretin). However, only 

~20-55% of the individual hormone-expressing cells also expressed GPR40. 

Whether this indicates functional differences remains unclear however 

(Edfalk et al., 2008).  
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Figure 1- 8 GPR40 is expressed in gut enteroendocrine cells. 

A: X-gal staining of sections of the pylorus, duodenum, jejunum, ileum, and colon in 2-

month old GPR40+/+ and GPR40+/lacZ mice. B: In situ hybridisation using Gpr40-specific 

probes on sections of neonatal epithelium in the stomach and duodenum. Arrows 

indicate cells expressing GPR40 mRNA. C: Confocal sections of 2- to 3-month old adult 

GPR40+/lacZ pylorus and duodenum stained with anti- -̡gal antibodies (green) to 

indicate GPR40 expression and antibodies specific for the indicated enteroendocrine 

hormones (red) (Edfalk et al., 2008). 
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GPR41 

GPR41 mRNA was shown to be highly expressed in the brain and lung, and 

was also found in the heart, skeletal muscle and kidney (Bonini et al., 

1997). In humans, adipose tissue demonstrated the greatest level of 

mRNA expression. Expression can also be found in bone, visceral organs, 

and brain and also peripheral blood mononuclear cells by TaqMan RT-PCR 

(Brown et al., 2003). C3:0 was found to be the most potent FA for 

activating GPR41 (Brown et al., 2003). 

 

Figure 1- 9 Tissue localisation of hGPR41 using the TaqMan methodology. 

hGPR41 mRNA levels were determined using poly(A)+RNA from 20 tissues and GPR41-

specific primers. Bars show the means ± S.D. for samples from four individuals per 

tissue (Figure taken from Brown et al., 2003). 

 

Since there is a difference of only six amino acids between GPR41 and 

GPR42, the latter is thought to be an evolutionarily recent gene 

duplication of GPR41 (Sawzdargo et al., 1997); however, it is not activated 
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by short chain fatty acids (Brown et al., 2003). Failure to detect GPR42 

mRNA in any samples of human tissue using TaqMan PCR suggests that 

the GPR42 gene may only be present in a polymorphic subset of 

individuals (Brown et al., 2003). 

 

GPR43 

GPR43 was deorphanised together with GPR41; short chain fatty acids 

were found to activate GPR43 (Brown et al., 2003). The expression of 

GPR43 mRNA was reported in the spleen, bone marrow and many other 

blood cells (Brown et al., 2003; Le Poul et al., 2003). Recently, however, it 

has been found that GPR43 is expressed in EEC and mast cells of the rat 

intestine. GPR43 mRNA is expressed in preparations of the whole wall 

from the rat ileum and colon (Karaki et al., 2006). 

 

GPR119 

All-trans retinoic acid was regarded as the first potential endogenous 

ligand of GPR119 (Bonini et al., 2001). Soga et al. (2005) identified five 

phospholipids, the oleoyl, stearoyl and palmitoyl forms of 

lysophosphatidylcholine (LPC), lysophosphatidylethanolamine and 

lysophosphatidylinositol, all of which act as agonists of GPR119. Chu et al. 

(2007a, b) showed that GPR119 improves glucose homeostasis via direct 

cAMP-mediated enhancement of glucose-dependent insulin release in 
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ǇŀƴŎǊŜŀǘƛŎ ʲ-cells and GPR119 also regulate glucose homeostasis by 

stimulating Glucagon-Like Peptide-1 (GLP-1) and the release of glucose-

dependent insulinotropic peptide.  

 

Lauffer (2009) demonstrated that oleoylethanolamide (OEA) increases 

GLP-1 secretion from intestinal L-cells through activation of the novel 

GPR119 fatty acid-derivate receptor both in vitro and in vivo. Murine 

GLUTag, human NCI-H716 and primary foetal rat intestinal L-cell models 

were used for RT-PCR, and for cAMP and GLP-1 Radioimmunoassay (RIA). 

Rats were anaesthetised and received intravenous or intraileal OEA; 

plasma bioactive GLP-1, insulin and glucose levels were determined by 

Elisa or glucose analysis.  

 

GPR119 mRNA was found to be highly expressed in the rat and mouse 

pancreas and gastrointestinal tract (Bonini et al., 2001; Bonini et al., 2002). 

Chu et al. (2007b) analysed human tissue using both TaqMan and RT-PCR 

and detected that GPR119 was significantly enriched in the human 

pancreas. They also found that GPR119 was present in the colon and small 

intestine in mice using the RNase protection assay. GPR119 was also highly 

expressed in GLP-1-producing GLUTag and STC-1 cells, suggesting that the 

gut expression of GPR119 might correspond to intestinal endocrine cells 

(Chu et al., 2007b). 
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Figure 1- 10 GPR119 is expressed in GLP cell lines and sub-regions of the 

gastrointestinal tract. 

A: TaqMan analysis of human GPR119 expression. cDNA (BD CLONTECH) derived from the indicated 

human tissues was assessed for the abundance of GPR119 transcripts by quantitative PCR. B: RT-

PCR analysis of human GPR119 expression. The same cDNA samples used in A were subjected to 

PCR amplification for the non-quantitative detection of GPR119 (top panel) and S9 (control for 

cDNA input, bottom panel). The lower band seen in all samples of the GPR119 RT-PCR corresponds 

to primers used in the reaction. C: RNase protection analysis of mouse tissue RNA using a 32P-

labelled riboprobe containing the antisense mouse GPR119 sequence. D: Northern blot analysis. 

Ten micrograms of total RNA from cultured L-cell lines (GLUTag and STC-мύ ŀƴŘ ʲ-cell lines (HIT-T15, 

MIN6, NIT-1) were blotted onto a nitrocellulose membrane and hybridised with 32P-labelled mouse 

GPR119. Autoradiograph of hybridisation signal (top panel) and methylene blue staining of 

ribosomal RNA (bottom panel, RNA loading control) are shown (Taken from Chu et al., 2007b). 
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GPR120 

GPR120 was first discovered in 2003 (Fredriksson et al., 2003) and 

deorphanised in 2005 (Hirasawa et al., 2005). It is activated by saturated 

LCFAs with 14-18 carbon chain lengths and unsaturated LCFA with 16-22 

carbon chain lengths (Hirasawa et al., 2005). GPR120 mRNA was highly 

expressed in four different adipose tissues (Gotoh et al., 2007) and is also 

abundantly expressed in human and mouse intestine and lung tissue 

(Hirasawa et al., 2005). It has been reported that GPR120 is expressed in 

the sensory papillae of the tongue of rats (Matsumura et al., 2007). 

 

GPR120 mRNA is abundant, following expression in the intestinal tract in 

mice and humans; also, it is found in the mouse intestinal endocrine cell 

line STC-1, but is not detected in the GLUTag cell line nor the ǇŀƴŎǊŜŀǘƛŎ ʲ-

cell line MIN6 (Hirasawa et al., 2005). 

 

Figure 1- 11 Distribution of GPR120. 

a. Real-time RT-PCR of GPR120 mRNA in mouse tissue. b. Real-time RT-PCR of GPR120 

mRNA in human tissue (Taken from Hirasawa et al., 2005) 
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Figure 1- 12 Real-time RT-PCR analysis of GPR120 and GPR40 mRNA expression in 

STC-1 and MIN6 cell lines. (Hirasawa et al., 2005). 

 

 

To identify endogenous ligands of GPR120, HirasawaΩǎ group made use of 

HEK-293 cells stably expressing GPR120-enhanced green fluorescent 

protein (Figure 1-13) and found that saturated FFAs with a chain length of 

C14 to C18, and unsaturated FFAs with lengths of C16 to C22 can evoke 

[Ca2+]i (Hirasawa et al., 2005). They also examined whether the secretion 

of GLP-1 from the STC-1 cells is mediated through the GPR120 receptor. 

They found that unsaturated long-chain FFAs showed a dose-dependent 

ǎǘƛƳǳƭŀǘƻǊȅ ŜŦŦŜŎǘΣ ǿƛǘƘ ʰ-linolenic acid being the most potent with regard 

to affecting the secretion of GLP-1 from STC-1 cells. 
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Figure 1- 13 h -linolenic acid induces internalisation of EGFP-tagged GPR120. 

GPR120-EGFP-expressing HEK 293 cells treated with vehicle (dimethyl sulphoxide; left), 

and ǘǊŜŀǘŜŘ ǿƛǘƘ мл˃a ʰ-linolenic acid in the absence (middle) or presence (right) of 

1% BSA (Hirasawa et al., 2005). 

 

Tanaka et al. (2008) found that FFAs promote CCK secretion through 

GPR120 in STC-1 cells. They examined the inhibitory effect of short hairpin 

wb!ǎ όǎƘwb!ǎύ ƻƴ ʰ-linolenic acid-stimulated CCK secretion (Fig 1-14). 

Transfection with GPR120-specific shRNA, but not with GPR40-specific 

ǎƘwb!Σ ǎƛƎƴƛŦƛŎŀƴǘƭȅ όϤол҈ύ ǎǳǇǇǊŜǎǎŜŘ ʰ-linolenic acid-stimulated CCK 

secretion. This result indicated that long-chain FFA-stimulated CCK 

secretion in STC-1 cells mainly occurs through GPR120, but not through 

GPR40 (Tanaka et al., 2008). 
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Figure 1- 14 The effect of GPR40- or GPR120-specific shRNA on FFA-induced CCK 

secretion in STC-1 cells. 

CCK secretion was measured after the ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ƻŦ ǾŜƘƛŎƭŜ ƻǊ млл ˃a ʰ-linolenic 

acid in STC-1 cells transfected with GPR40- or GPR120-specific shRNA. Data are shown 

as means±SEM (n=6). *p<0.05 vs. control (Tanaka et al., 2008). 

 

They also concluded that FFAs induce CCK secretion through GPR120- 

coupled Ca2+ signalling and that this mechanism may underlie the 

physiological regulation of CCK secretion in response to the ingestion of 

fat (Tanaka et al., 2008). 

 

Recently, GPR120 was cloned in rats (rGPR120). The open reading frame 

of rGPR120 mRNA encodes a 361-amino acid protein that has high 

homology to human and mouse GPR120; it shares 85% and 98% sequence 

identity with the human and mouse GPR120 proteins, respectively. Using 

real-time RT-PCR (Figure 1-15), the abundant expression of rGPR120 

mRNA was detected in the rat intestinal tract (Tanaka et al., 2008). 
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Figure 1- 15 Distribution of mRNA encoding rGPR120 in rat tissues. (Tanaka et al., 

2008) 

 

 

[Ca2+]i response of FFAs was examined in rGPR120/T-HEK-293 and 

rGPR40/T-HEK-293 cells preloaded with the Ca2+-sensitive fluorescent dye 

Fluo-пΦ ʰ-LA was found to be the most potent both in GPR120 and GPR40. 

LƴǘŜǊŜǎǘƛƴƎƭȅΣ ƻƴƭȅ ƭƛƴƻƭŜƛŎ ŀŎƛŘ ŀƴŘ ʰ-LA provoked transient increases in 

[Ca2+] i in rGPR120/T-HEK-293 cells. In contrast, lauric acid could provoke 

[Ca2+] i in rGPR40/T-HEK-293 cells (Tanaka et al., 2008). 

 

GPR120 was reported to promote the secretion of glucagon-like peptide-

1 (GLP-1) (Hirasawa et al., 2005). Enhanced GLP-1 secretion was also 

induced by the oral long-ǘŜǊƳ ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ƻŦ ʰ-LA by TanakaΩǎ group. 
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Moreover, the long-ǘŜǊƳ ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ƻŦ ʰ-LA leads to enhanced insulin 

secretion and the ǇǊƻƭƛŦŜǊŀǘƛƻƴ ƻŦ ǇŀƴŎǊŜŀǘƛŎ ʲ-cells (Tanaka et al., 2008). 

 

1.6.4 Protein Sensing GPR93 

GPR93 was found to be a potential nutrient responsive GPCR that is 

capable of inducing CCK release in EEC I-cells when activated by peptone 

in enterocytes (Choi et al., 2007b).  

 

An expressed sequence tag (EST) encoding GPR93 from human primary 

tonsil B-cells (GenBank Accession numbers: BF975186, BF663176 and 

BF129117) can be found in the GenBank database. An EST encoding a 

mouse GPR93 orthologue expressed in the small intestine (GenBank 

Accession numbers: AV064817 and AV064680) showed that the 

expression of GPR93 was present in the mouse small intestine (Lee et al., 

2001). 

 

Semi-quantitative RT-PCR was carried out to analyse the expression of 

GPR93 in rat tissue. GPR93 is highly expressed in the intestine of rats and 

is also found in the kidney, spleen and heart of the same species. 

Expression in the hypothalamic region of the brain was 10% of that in the 

duodenum mucosa (Choi et al., 2007a). As shown by Figure 1-16, the 

expression of GPR93 in the mucosa was three times higher than that in 
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the muscle layer of the respective intestinal section; the most abundant 

was in the duodenal mucosa with a decrease towards the colon. GPR93 

was at a lower level in the stomach mucosa than in the intestinal mucosa 

(Choi et al., 2007a). 

 

Figure 1- 16 Semi-quantitative RT-PCR was performed using primers that are 

specific for GPR93 and 18S RNA. 

Relative expression was determined by normalising the intensity of GPR93 bands to 

that of 18S as an internal control. Duo: duodenum; Jej: jejunum; Ile: ileum; Col: colon. 

(Choi et al., 2007a). 

 

1.6.5 Medium Chain Fatty Acids Receptor GPR84 

GPR84, a previously orphan GPCR, was found to be a receptor for 

medium-chain FFAs of chain length C9-C14, with C10-C12 being the most 

potent. Expression analysis by quantitative RT-PCR revealed that the 

messenger RNAs of both human and mouse GPR84 are expressed 

predominantly in haematopoietic tissues; fewer transcripts were found in 

the lung (Wang et al., 2006). 
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1.6.6 Bile Acids Sensor GPR131 

GPR131 (or TRG5) was identified as a cell-surface receptor that is 

responsive to bile acids. (Kawamata et al., 2003). KawamataΩǎ group also 

expressed GPR131-GFP in Chinese hamster ovary (CHO) cells and then 

examined its subcellular localisation. In the absence of a ligand, GPR131-

GFP was typically localised at the plasma membrane. GPR131-GFP 

internalised into the cytoplasm after treatment with рл˃a of taurine-

conjugated lithocholic acid (TLCA) for 30 min. 

 

According to Kawamata (2003), the expression levels of GPR131 mRNA 

were high in human, bovine, and rabbit samples but very low in the rat 

and mouse. The expression of GPR131 was studied by using RT-PCR in 

humans and rabbits. High levels of GPR131 mRNA were detected in the 

human placenta and spleen. In fractionated human leukocytes, GPR131 

mRNA was detected mainly in the CD14+ monocytes. Among rabbit 

tissues, the highest level of GPR131 mRNA was detected in the spleen (Fig 

1-17). 

 

GPR131 expression was detected in the enteroendocrine cell line STC-1, 

while bile acid promoted glucagon-like peptide-1 (GLP-1) secretion from 

these cells in a dose-dependent manner (Katsuma et al., 2005). 
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In 2007, GPR131 was found to be expressed in liver macrophages and 

sinusoidal endothelial cells (SEC) (Keitel et al., 2007). SECs are exposed to 

highly variable concentrations of nutrients and also bile salts. They play an 

important role in enterohepatic circulation. The concentration of bile salts 

in portal blood increases in response to food intake after gallbladder 

contraction and the re-uptake of bile salts from the intestine. 

 

 

Figure 1- 17 Expression of TGR5 mRNA in human tissues. (Taken from Kawamata et 

al., 2003) 

 

1.7 Lipid Digestion 

The majority of human dietary lipids are triacylglycerols (TAG) and the rest 

are phospholipids and sterols (Niot et al., 2009). TAGs do not freely 

permeate across cellular membranes at a biologically significant rate, and 

they must therefore first be broken down prior to enteric absorption. 

Approximately 10%-30% of dietary lipids are hydrolysed by lingual lipases 
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originating from lingual glands and gastric lipases secreted from chief and 

mucous neck cells located in the gastric fundus, while the majority of 

dietary lipids are broken down in the duodenum and upper jejunum 

(Despopoulos & Silberagl, 2006). When lipids reach the small intestine, 

TAGs are emulsified by bile salts and hydrolysed to 2-monoacylglycerols 

and LCFAs (Mu et al., 2004). TAG hydrolysis is catalysed by pancreatic 

lipase in the small intestine (Armand et al., 1994). The resultant lipolytic 

products then aggregate with bile salts to form micelles (Hernell et al., 

1990) and these are absorbed through the apical brush-border membrane 

in the intestine (Thomson et al., 1993).  

 

1.8 Uptake of Monoacylglycerol 

Ho and colleagues studied monoacylglycerol (MG) and fatty acid uptake 

using Caco-2 cells (Ho & Storch, 2001). The Caco-2 cell line is a human 

colon adenocarcinoma cell line which forms a polarised monolayer of 

columnar epithelium with tight junctions and apical membranes with 

microvilli (Grasset et al., 1984). The uptake of MG is a facilitated transport 

process at the apical surface of the Caco-2 cell and is mediated, at least in 

part, by a protein at the basolateral membrane (Ho & Storch, 2001). 

Competition for the same protein was found to occur between FA and MG 

uptake processes in some studies (Ho & Storch, 2001; Murota & Storch, 
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2005). The expression of fatty acid transport protein (FATP) and fatty acid 

translocase (FAT/CD36) was found in the caco-2 cells (Ho&Storch, 2001). 

These proteins will be further discussed in the following sections. 

 

1.9 The Uptake of Free Fatty Acids 

The resultant LCFA is essential for energy supply and storage (Neely et al., 

1974), complex lipid synthesis and cell signalling (Distel et al., 1992). The 

transport of LCFAs is a necessary step for its utilisation. The two most 

popular hypotheses explaining FA uptake are as follows: 

1.9.1 Diffusion by Flip-flop Mechanism 

There are three main steps in the membrane transport of LCFAs: 

!ŘǎƻǊǇǘƛƻƴΤ ǘǊŀƴǎƳŜƳōǊŀƴŜ ƳƻǾŜƳŜƴǘ όάŦƭƛǇ-ŦƭƻǇέ ƳƻǾŜƳŜƴǘ ŦǊƻƳ ƻǳǘŜǊ 

leaflet of the membrane to the inner leaflet) and desorption (Hamilton, 

1998). Different flip-flop rates of different chain length Fas were measured 

(Kamp &Hamilton, 1992; Kamp et al., 1993; Zhang et al., 1995; Hamilton 

& Johnson, 2001). Many researchers believe that Flip-flop is rapid (Kamp 

et al., 1995; Hamilton et al., 2002), and that FFA uptake is not a rate-

limiting process in lipid-utilising tissues (Niot et al., нллфύΦ IŀƳƛƭǘƻƴΩǎ 

group studied the three steps and found each of them to occur rapidly 

(t1/2<1 sec); the absorption step did not tend to be saturated, and was 
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not strongly chain-length dependent. Hamilton and colleagues concluded 

ǘƘŀǘ ΨǎƛƳǇƭŜΩ ŘƛŦŦǳǎƛƻƴ ƛǎ ǎǳŦŦƛŎƛŜƴǘ ŦƻǊ C! ǳǇǘŀƪŜ όIŀƳƛƭǘƻƴ et al., 2002).  

 

 

Figure 1- 18 Simplified scheme of LCFAs transport through a cell membrane and the 

Flip-flop process of fatty acids across the membrane. 
 

However, these three steps have been studied intensively by different 

groups and there is much disagreement. Some groups have concluded 

that the flip-flop is rate limiting. The trans-membrane movement is the 

possible rate-limiting kinetic step (Cupp et al., 2004; Kleinfeld et al., 1997; 

Kampf et al., 2006; Kampf & Kleinfeld, 2006). Studies have also suggested 

that passive transport through the lipid phase of the membrane is faster 

than that from the membrane into the aqueous phase (Kamp & Hamilton, 

2006; Zhang et al., 1996; Thomas et al., 2002). Studies have suggested that 

the adsorption process is very fast and is not rate-limiting (Doody et al., 

1980; Daniels et al., 1985). When the concentration of fatty acids is high, 

then simple diffusion is dominant, but when the concentration of fatty 
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acids is low, protein-mediated uptake is more important (Abumrad et al., 

1998). Recent research has more clearly defined the transport of FFA 

across membranes as the movement of unbound FFA from the aqueous 

phase on one side of the plasma membrane to the aqueous phase on the 

other side of the membrane (Kampf & Kleinfeld, 2006). Also, during this 

process, FFA activation to acylCoA is thought to be coupled to the 

transport (Richards et al., 2006).  

 

1.9.2 Protein Facilitated FA Uptake 

The rate of FA uptake was shown to be saturable in the studies using giant 

vesicles prepared from sarcolemmas and heart tissue; this indicates that 

the uptake of FA is a carrier-mediated process (Bonen et al., 1998; Luiken 

et al., 1999, Bonen et al., 2007). As shown by Figure 1-19, increasing 

palmitate concentration caused an increase in uptake over a 

concentration range of 1-6nM with red and white muscle vesicles, while 

this range was 1-15nM within the heart vesicles. A further increase in 

concentration of palmitate did not cause any further uptake increase. In 

addition, the FA uptake was shown to be reduced by 30-50% after the 

sarcolemma vesicles were pre-treated separately with protein 

modification, reactive oleate ester, and inhibited the putative fatty acid 

transport by antisera (Bonen et al., 1998; Luiken et al., 1999; Bonen et al., 
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2007). 

Following on from these early studies, several classes of putative lipid 

transport proteins have been identified These include the 40 kDa plasma 

membrane-associated fatty acid-binding protein (FABP) (Stremmel et al., 

1985), a family of ~70 kDa fatty acid transport proteins (FATPs) (Schaffer 

& Lodish, 1994) and an 88 kDa fatty acid translocase (FAT/CD36) (Abumrad 

et al., 1993). 

 

Figure 1- 19 Characterisation of fatty acid transport into giant sarcolemmal vesicles 

obtained from heart and skeletal muscle. 
A: kinetics of palmitate transport into giant sarcolemmal vesicles from the heart and 

red and white skeletal muscle. B: inhibition of palmitate transport into giant 

sarcolemmal vesicles, demonstrating the presence of a protein-mediated mechanism 

as well as specificity for long-chain fatty acids (Bonen et al., 2007). 

 

FABP 

There are two types of FABPs: liver and intestinal. The liver-type (L-FABP) 

is also expressed in the kidney, while the intestinal type (I-FABP) can only 

be found in the small intestine (Besnard et al., 2002). LCFAs bind FABP 
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reversibly when entering the cell. FABP brings LCFA into the acylation 

process via acyl-CoA synthetases. The re-esterified LCFA associates with 

apolipoproteins to form chylomicron. I-FABP helps to enable efficient fat 

absorption and protect the intestinal mucosa by a buffering action 

controlling the unesterified fatty acids and bile acids (Besnard et al., 2002). 

In my dissertation, the FABPs will not be further discussed.  

 

FATPs 

Six members of the FATP family (FATP1-6) have been characterised to date 

in fatty acid-utilising tissues (Stahl, 2004). FATP1 is the most well studied 

family member; it is mainly expressed in adipose tissue, but can also be 

found in muscle, brain and heart (Schaffer & Lodish, 1994). In substrate 

studies using 14C-labelled fatty acids, FATP1 was found to enhance the 

uptake of LCFAs, including palmitate and oleate, but had no effect on the 

uptake of shorter fatty acids with no more than 10 carbon atoms, such as 

butyric and octanoic acids (Stahl et al., 2002; Stahl et al., 1999; Hirsch et 

al., 1998). When overexpressed in cells, FATP1 (Garcia-Martinez et al., 

2005), FATP2 (Doege & Stahl, 2006), FATP4 (Milger et al., 2006), FATP5 

(Doege et al., 2006), FATP6 (Doege & Stahl, 2006) and CD36 (Cobum et al., 

2001) enhance fatty acid uptake. FATP3 shows no enhancement of fatty 

acid uptake when overexpressed in cells (Pei et al., 2004). FATP1 and CD36 

were found to respond to insulin and mediate insulin-stimulated fatty acid 
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uptake (Lobo et al., 2006; Stahl et al., 2002; Wu et al., 2006; Chabowski et 

al., 2005). 

 

FATP1 localised to the plasma membrane of adipocytes associates with 

long chain acyl-CoA synthetase activity (Gargiulo et al., 1999; Stahl et al., 

2002; Zou et al., 2002). LCFAs imported to the inner leaflet of the plasma 

membrane transported by the FATP1 are then acted upon by acyl-CoA 

synthetase and undergo esterification (Lewis et al., 2001; Richards et al., 

2006). Importantly, FATP1 is an insulin-sensitive LCFA transporter. Insulin 

induces FATP1 translocation that has been found to coincide with 

increased LCFA uptake (Stahl et al., 2002). 

 

FATP2 has been found in the kidney cortex and liver (Hirsch et al., 1998). 

Together with the other FAPTs, FATP2 also associates with acyl-CoA 

synthetase activity (Coe et al., 1999; Steinberg et al., 1999; Dirusso et al., 

2005). 

 

FATP3 was found to be expressed in the liver and pancreas and to show 

very high expression in the lung (Hirsch et al., 1998; Stahl et al., 2001). 

FATP3 is potentially associated with the LCFAs uptake in the lung to 

generate dipalmitoyl phosphatidylcholine and other phospholipids that 

constitute the pulmonary surfactant (Jobe, 1979). 
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FATP4 is expressed in several organs including the heart, brain, lung, liver, 

kidney, and small intestine (Hirsch et al., 1998; Fitscher et al., 1998; 

Herrmann et al., 2001). It is localised to the apical brush border of the 

epithelial cells, where it has been shown to enhance the uptake of dietary 

LCFAs (Stahl et al., 1999; DiRusso et al., 2005). FATP4 was found to increase 

acyl-CoA synthetase activity (Herrmann et al., 2001). 

 

FATP5 has been detected in the liver and FATP6 was found in the heart 

(Hirsch et al., 1998; Gimeno et al. 2003; Watkins et al., 1999). In the heart, 

FATP6 co-localises with CD36 (Gimeno et al., 2003). 

 

CD36/FAT 

CD36 is a type I integral membrane glycoprotein (Harmon & Abumrad, 

1993; Ibrahimi et al., 1996), which plays the role of a lipid sensor (Chevrot, 

et al., 2012). CD36 is expressed in the apical side of rodent taste bud cells, 

where it facilitates lipid sensing (Fukuwatari et al., 1997; Laugerette et al., 

2005). CD36 is also thought to be a lipid transporter. CD36 increases LCFA 

uptake in adipocytes and cardiomyocytes (Coburn et al., 2000; Hajri et al., 

2001) and was found to be expressed in the epithelial cells of the small 

intestine. It plays an important role in fat and cholesterol absorption and 

transport (Hui et al., 2008).  
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1.10 Approaches to Studying CCK Cells 

1.10.1 CCK-Secreting STC-1 Cell Line 

The STC-1 cell line is derived from an intestinal endocrine tumour from a 

transgenic mouse (Rindi et al., 1990; Grant et al., 1991). The cell line 

secretes CCK upon stimulation by dietary protein hydrolysates. This 

process is mediated by the activation of calcium-sensing receptor (CaSR), 

which is a C class G-protein coupled receptor (Nakajima et al., 2012), and 

GPR93 (Choi et al., 2007a; Choi et al., 2007b); both of these bring about 

an increase in intracellular calcium [Ca2+]i. CCK transcription and secretion 

were found to be induced by fatty acids through the activation of GPR40 

(Fujiwara et al., 2005) and GPR120 (Tanaka et al., 2008) in a calcium-

dependent and chain length-dependent manner (McLaughlin et al., 1998). 

The STC-1 cell line has proven to be a good tool for research investigating 

the cellular signalling mechanism and that of CCK secretion, but it is 

debatable whether it represents a good model for the I-cell, because it 

also secretes a range of other intestinal hormones including glucagon-like 

peptide 1 (GLP-1), glucagon-like peptide 2 (GLP-2), Gastric inhibitory 

peptide (GIP), secretin, neurotensin and peptide YY (PYY) (Rindi et al., 

1990; Geraedts et al., 2009) 

 

http://en.wikipedia.org/wiki/Gastric_inhibitory_peptide
http://en.wikipedia.org/wiki/Gastric_inhibitory_peptide
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1.10.2 Isolation and Enrichment of Enteroendocrine Cells 

Previously, it has been difficult to study native enteroendocrine cells 

because these cells are diffuse in the small intestine and represent less 

than 1% of the small intestinal epithelial cell population. In addition, their 

relatively indistinct morphology compared to enterocytes renders it very 

difficult to discern EEC from non-EEC. 

 

Recently, the advent of engineering of transgenic mouse models with 

genetically-labelled genes driven by the expression of gut hormones has 

made it possible to sort and purify specific native enteroendocrine cells 

using fluorescent-activation cell sorting (FACS). Yellow fluorescent 

(Venus)-labelled GLP-1 cells (L-cells) (Reimann et al., 2008), GIP cells (K-

cells) (Parker et al., 2009) and enhanced green fluorescent protein-

labelled CCK cells (Sykaras et al., 2012) have been used to study receptor 

gene expression. In addition, ReimannΩǎ group carried out 

electrophysiology and calcium imaging on the primary cultures of L-cells 

for functional analysis (Reimann et al., 2008). 

 

1.10.3 Primary Cultures of Enteroendocrine Cells 

To study the function of intestinal epithelial cells, for example hormone 

secretion, electrical activity and calcium responses, the establishment of 
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a primary culture of enteroendocrine cells is essential. Sträiter and 

{ŎƘŜǾƛƴƎΩǎ ƎǊƻǳǇǎ ǎuccessfully retained the morphology of human and 

mouse colon crypts for about 4 hours (Sträiter et al., 1996; Scheving et al., 

мффуύΦ wŜƛƳŀƴƴΩǎ ƎǊƻǳǇ ƛǎƻƭŀǘŜŘ ǘƘŜ ƳƻǳǎŜ [-cell from the colon and 

maintained a mixed primary culture for up to 2 weeks (Reimann et al., 

нллуύΦ {ŀǘƻΩǎ ƎǊƻǳǇ ǎǳŎŎŜǎǎŦǳƭƭȅ ŎǳƭǘǳǊŜd the Lgr5+ stem cells isolated 

from mouse small intestinal crypts for 14 days (Sato et al., 2009).  

 

1.10.4 Functional Study of Primary Enteroendocrine Cells 

Calcium Responses in Enteroendocrine Cells 

²ŀƴƎΩs group loaded CCK cells with a calcium-sensitive dye; by measuring 

the fluorescent intensity which corresponded to the calcium change, 

Phenylalanine was found to significantly increase the intracellular calcium 

([Ca2+]i) in CCK cells (Wang et al., 2011). wŜƛƳŀƴƴΩǎ ƎǊƻǳǇ ǎƘƻǿŜŘ ώ/ŀ2+]i 

elevation in response to 10mM glucose in primary cultured L-cells. 

(Reimann et al., 2008). 

 

Immunostaining and FACS Analysis of Enteroendocrine Cells 

Much research into receptor expression and hormone expression has 

been performed using immunohistochemistry. Both CCK-1 receptors and 

cannabinoid-1 receptor expression were found in rat stomach (Dockray, 
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2009). In the study of glucose-dependent insulinotropic polypeptide 

(GIP)-secreting K-ŎŜƭƭǎΣ tŀǊƪŜǊΩǎ ƎǊƻǳǇ ŦƻǳƴŘ ǘƘŜ Ŏƻ-localisation of the 

sodium sodium-dependent glucose transporter 1 (SGLT1) and GIP by 

staining the transgenic yellow fluorescence-labelled GIP-Venus mouse 

duodenum/jejunum with an SGLT1 antibody (Parker et al., 2009). 

Immunostaining with the CCK antibody of the eGFP-tagged I-cells 

confirmed that the fluorescent marker is I-cell-specific (Sykaras et al., 

2012). 

 

As mentioned above, transgenic mouse models with genetically-labelled 

genes driven by the expression of gut hormones enables FACS analysis of 

the native EEC cells. The combination of immunohistochemistry and FACS 

provides a rapid and efficient way to study EEC cells. Habib et al. (2012) 

successfully carried out FACS analysis to study hormone expression in the 

mouse L-cells and K-cells. Cells were stained by different primary 

antibodies of a variety of hormones, including anti-GIP, anti-CCK, anti-PYY 

and anti-Chromogranin A, along with a red fluorescent secondary 

antibody. By calculating the proportion of immunofluorescent cells that 

were also yellow fluorescent-labelled (Venus) and the proportion of 

Venus-ǇƻǎƛǘƛǾŜ ŎŜƭƭǎ ǘƘŀǘ ǿŜǊŜ ǎǘŀƛƴŜŘ ǿƛǘƘ ǘƘŜ ŀƴǘƛōƻŘȅΣ IŀōƛōΩǎ ƎǊƻǳǇ 

showed the overlap of a range of hormone expression between upper 

small intestine L-cells, K-cells and I-cells (Habib et al., 2012). 
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1.11 Aims of the Presented Research 

The following research aimed to globally study the CCK cells by 1) Looking 

at the expression of fatty sensing receptors and fatty acid transport 

proteins, which facilitate the uptake of fatty acids. Enhanced green 

fluorescent protein was used to develop and optimise the methodology 

for isolating the CCK cells and establishing the RT-PCR methodology for 

studying the transcriptome of CCK cells; 2) Detecting FATPs and CD36 

expression in both CCK cells and non-CCK cells; 3) Establish cell culture 

methodologies to make the cells subject to further calcium imaging, 

hormone expression and FACS analysis; 4) Study the hormone expression 

of CCK cells by immunohistochemistry and FACS analysis. 

 

Achieving these aims will enable further understanding of the 

mechanisms of fat sensing and fatty acid uptake by CCK cells and will 

contribute to primary CCK cell culture and functional studies. 
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2 MATERIALS AND METHODS 

2.1 Animals 

Transgenic mice expressing enhanced green fluorescent protein (eGFP) 

under the control of the mouse CCK promoter were made by Mutant 

Mouse Regional Resource Centers (MMRRC). 

 

All animal procedures were carried out under the regulations of the Home 

Office Scientific Procedures Act. Mice for all protocols were housed in 

standard animal house conditions and allowed free access to food and 

water. 

 

2.2 Genotyping 

To ensure the GFP positive mice were used, genotyping was performed as 

following steps: 

 

Lysis: Mice were ear punched by staff in BSU. The ear punches were put 

in the eppendorffs separately. 300˃ l TNES buffer (Tris 10mM pH7.5; NaCl 

400mM; EDTA 100mM; SDS 0.6%) and 17.5l˃ proteinase K was added in 

each tube. The samples were incubated overnight at 58°C. 
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Phenol-chloroform treatment: An equal volume of phenol-chloroform-

isoanyl alcohol was added in each tube and the content was mixed well 

until an emulsion formed. All samples were centrifuged at 12000 rpm for 

2min at room temperature. The aqueous phase was transfered into a new 

tube. An equal volume of chloroform was added and mixed well. After 

another centrifugation at 12000 rpm for 2 min at room temperature, the 

aqueous phase was transfered to another new labeled tube. 1/10 volume 

of 3M ammonium acetate (pH 5.2) was added in each tube to adjust salt 

concentration. 

 

Ethanol precipitation: 2.5 volume of cold 100% ethanol was added in each 

tube and the samples were placed in -20°C freezer for 30min. Then all 

samples were spun 15min at 12000rpm at 4°C. The supernatant was 

discarded and 1ml 70% ethanol was added in each tube and followed by 

another 5min 7500 rpm centrifugation at 4°C. The supernatant was 

discarded. The pellet was resuspened in 100l˃ DNase RNase free H2O at 

60°C for 5min. The samples were stored in -20°C freezer until the PCR was 

carried out. 

 

PCR: PCR was carried out on DNA extracted from each mouse ear punches 

using mouse Beta-actin and eGFP primer sets (Eurofin). Primer 

information is showed in table2-1. Reagents listed in table2-2 were added 
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in each PCR tube. Thermo cycling conditions for the PCR were as follows: 

initial denaturation at 95°C for 5min; 35 cycles of PCR amplification: 

denaturation at 95°C for 1min, annealing at 60°C for 1min, extension at 

72°C for 1min; followed with a final extension step at 72°C for 10min. PCR 

products were viewed on a 2% agarose gel. 

 

Gene 

Product 

size 

Forward sequence5Ω-3Ω 

Tm 

(°C) 

Reverse  sequence5Ω-3Ω 

Tm 

(°C) 

Annealing 

temperature 

(°C) 

Mouse 

beta-actin 

245 GTGGGCCGCCCTAGGCACCA 63.3 CGGTTGGCCTTAGGGTTCAGG 57.1 60 

 

Gene 

Product 

size 

Forward sequence5Ω-3Ω 

Tm 

(°C) 

Reverse  sequence5Ω-3Ω 

Tm 

(°C) 

Annealing 

temperature 

CCK-eGFP 543 TACGGCAAGCTGACCCTGAAGT 57.9 GACCATGTGATCGCGCTTCTCGTT 59.9 60 

 

Table 2- 1 Information of mouse beta-actin and mouse CCK-GFP primers. 

Listed are products size, forward and reverse sequence of primers and the melting 

temperature and reaction annealing temperature. Whether the primers are intron 

spanning is also indicated. Red segments indicate the exons. 
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Reagent Volume (˃ l) 

H2O 13 

Buffer 2.5 

dNTPs(10mM) 1.6 

MgCl2 1.5 

DMSO 1 

Actin Primer Forward(20pm) 1 

Actin Primer Reverse(20pm) 1 

CCKGFP Primer Forward(20pm) 1 

CCKGFP Primer Reverse(20pm) 1 

DNA template 1 

Biotaq 0.4 

Table 2- 2 Reagents added in genotyping PCR reaction. 

 

 

2.3 Establishment of the Cell Dissociation and RT-PCR Methodology 

for Detecting the Fat Sensing GPCRs 

2.3.1 Cell Dissociation by Collagenase XI 

Enzyme solution was prepared as follows: 40mg collagenase XI (Sigma) 

was put into a 50ml centrifuge tube (CORNING®) with 40ml HBSS calcium 

free buffer (Sigma). The tube was shaken to make sure collagenase XI 

dissolved in the buffer and preheated at 37°C in water bath (Grant, model 

no.LTD69, UK). 40ml enzyme solution were used per 10cm intestine tissue. 
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An adult CD-1 mouse was killed by CO2. The duodenum were moved and 

placed onto a 10cm diameter Petri dish (Sterilin) containing L-15 medium 

(Sigma), which was originally formulated for use in carbon dioxide free 

systems requiring sodium bicarbonate supplement to support 

establishment of cell lines as well as primary explants of embryonic and 

adult human tissue. The dish was put on ice and the tissue was kept moist 

at all time. The intestine was rinsed with a syringe fitted with a tip for 

pipette to clean the tissue from visible semi-digested food matter. The fat 

tissue was removed with tweezers and then the lumen was exposed by 

dissecting longitudinally with scissors. The tissue was transferred into a 

50ml centrifuge tube containing L-15 (~25ml). The tube was shaken and 

the medium was discarded and then fresh L-15 was added. This step was 

repeated 3 times. The tissue was cut up into 1-2mm with a surgical blade 

in a Petri dish and transferred into a fresh 50ml centrifuge tube containing 

L-15 (~25ml). After a mild shake, the tube was put on a rack for 3min to 

let the tissue fragments to settle down. If the media become thick because 

of the secretion of mucus and the DNA from lysed cells, a bit more 

medium was added to dilute the suspension. The floating tissue was 

sucked out by using pipette. The supernatant was discarded and fresh 

medium was added. This was repeated until the tissue was clean (the 

media was no longer cloudy). A final rinse was made with ~25ml calcium-

free HBSS. The HBSS was then replaced with 20ml enzyme solution (pre-
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warmed to 37°C).The tube was put in a roller and incubate the tissue for 

30min in an incubator at 37°C (TechNet Hybridiser HB-1D). During this 

time the tube was shaken vigorously for 15 sec every 10min. 

 

The following steps were done inside a cell culture hood: 

After the incubation, the tissue was allowed to settle and the top ~14ml 

medium was transferred into a 50ml centrifuge tube. 20ml fresh enzyme 

solution was added to the remaining semi digested tissue and again 14ml 

top medium was taken from the tube. In the meantime, 14ml fresh 

medium was added to the supernatant containing the dissociated cells 

(final volume ~30ml, this is to dilute the enzyme and the mucus). The 

tissue digestion was repeated for 30min. The supernatant was filtered 

through a 70˃ m nylon cell strainer (BD Falconϰ) and centrifuged for 5min 

at 1200 rpm. The cell pellets were resuspended with the L-15 (~20ml) 

supplemented with 10% FBS. The cell/medium was filtered through a 

40˃ m cell strainer (BD Falconϰ). Again centrifugation at 1200 rpm was 

carried out for 5min. The cells were resuspended in 5-10ml L-15 media 

supplemented with 10% FBS, 30 ˃ l cell/medium was taken with pipette 

and put on a glass slide, observed under a microscope. 

 



71 
 

2.3.2 Cell Dissociation by DTT 

Adult CD-1 mouse was anesthetised by CO2 and then killed by cervical 

dislocation. The duodenum was removed and rinsed with PBS in a syringe 

fitted with a tip for pipette to clean the tissue and remove semi-digested 

food in lumen. The fat tissue was removed with tweezers and then the 

lumen was exposed by dissecting longitudinally with scissors and was cut 

into 2-3cm long fragments. The tissue pieces were put in a 10cm diameter 

dish containing 10ml RPMI-1640 medium (Sigma) supplemented with 5% 

FCS. The dish was laid on the orbit shaker (Labnet) with the speed at 50 

rpm. The washing procedure was repeated 3 times (5 min each) with this 

medium. The digestion solution was made by 50ml RPMI-1640 with 

supplement of 5% FCS, 0.5mM DTT (Invitrogen) and 1mM EDTA. Tissue 

fragments were placed in a 50ml centrifuge tube containing ~25ml 

digestion solution. The tube was shaken at 255rpm at 37°C in an incubator 

shaker (Innova 4000) to dislodge epithelial cells for 2h. After digestion, the 

cell/medium was removed to a fresh 50ml centrifuge tube, the undigested 

tissue fragments were discarded. Centrifugation was carried out at 

2000rpm for 10min at room temperature to pellet the dislodged cells. 

Then the medium was discarded, the cells were resuspended with RPMI-

1640 containing 5% FCS and filtered through a 40 m˃ nylon pore diameter 

cell strainer (BD Falconϰ). At last, the cells were observed under a 

microscope to confirm single cell population. 



72 
 

2.3.3 RNA Extraction from the Duodenal Single Cells 

Lysis: The cells were centrifuged and the buffer was removed. The cells 

were not washed as this reduces the extraction of the RNA. 3ml TRIzol® 

Reagent was added per cell sample from 10cm intestine. The TRIzol® 

Reagent and cells were mixed using a pipette to let the sample pass 

through for several times. 

 

Phase separation: 200˃ l chloroform (Sigma) (without isoamylalcohol; 

RNase, DNase free) was added per 1ml TRIzol solution used for sample 

homogenisation/lysis, the tube was capped securely and vortexed 

vigorously for 15 sec, incubated at room temperature for 5 min, then 

centrifuged at 13000 rpm for 15 min at 4°C. The content of the tube was 

separated into 3 phases, a colorless upper aqueous phase, an interphase 

which contains DNA and a lower red, phenol-chloroform phase. The 

aqueous (upper) phase was transferred into a new RNase free tube. 

 

RNA precipitation: 500˃ l of room temperature isopropanol was added 

per 1ml of TRIzol® used for sample homogenisation/lysis to precipitate 

RNA. Sample was mixed by inverting the tube, incubated at room 

temperature for 5 min and centrifuged at 13000 rpm for 10 min at 4°C. 

Following centrifugation, pellet formed on the bottom of the tube. 
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RNA wash: The supernatant was removed very carefully, without 

disturbing the pellet, the pellet was washed with 1ml of ice-cold 75% 

ethanol per 1ml TRIzol® reagent used for sample homogenisation/ lysis. 

The tube was centrifuged at 7500 rpm for 5 min at 4°C, and ethanol was 

completely removed without disturbing the pellet by using a fine tip 

pipette. The RNA pellets were air dried for 3 min. The RNA pellet was not 

completely dried as this decreases the solubility.  

 

Redissolving the RNA: Dissolve RNA pellet in 40˃ l RNase-free water 

(Invitrogen), and incubated at 65°C in a heat block (Tecam®) to completely 

dissolve the pellet. 

 

2.3.4 DNase Treatment 

The RNA was treated with DNase I (Ambion, UK) to remove contaminating 

genomic DNA from RNA sample.  2 l˃ of 10xDNase I buffer and 1 l˃ of 

DNase I was add in 20˃l total RNA sample. The sample was incubated at 

37°C in water bath (Grant) for 30min. After incubation, 4 l˃ of DNase 

inactivation reagent was added and put at room temperature for 2min. 

Centrifuged for 1min at 13000rpm to separate the DNase inactivation 

(white appearance of the bottom of the tube) and the RNA. The RNA 

(supernatant) was decanted very carefully into a new RNase ςfree tube. 
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2.3.5 RNA Concentration and Integrity Check 

The concentration of the RNA was determined by using the 

nanodrop®ND-1000 UV-Vis Spectrophotometer.  

 

The integrity of RNA was determined by RNA electrophoresis. The gel tank 

was sprayed by RNase Away (Molecular BioProducts, Inc) to denature 

RNase enzymes. A 40ml 1% denaturing agarose gel was made by the 

following steps: 0.4g Seakem®LE agarose (Lonza) was put into a flask plus 

25ml distilled water. This was microwaved until the agarose melts 

(approximately 1min). 7ml of formaldehyde (Sigma) and 8 ml of 5xMOPS 

(Fisher Scientific) were mixed and added to the melted agarose. When the 

gel had cooled, 2 l˃ ethidium bromide (10mg/ml invitrogen) was added 

and mixed very well with the gel. The gel was poured into the gel tank with 

a thin comb in it. The gel running buffer was 1xMOPS. 

 

5 l˃ of sample RNA was pipetted into a new tube and 5˃l of sample mix 

(40˃ l formaldehyde, 100˃l formamide, 20˃ l 5xMOPS) and 2˃l of 

formaldehyde dye (Ambion, UK) were added. RNA sample was denatured 

at 65°C for 5 min then put on ice for 2 min before loaded in the well. The 

sample was run under 70 volts for 45min and the integrity was checked. 
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2.3.6 Tissue Preparation and RNA Isolation for Positive Control 

Adult CD-1 mice were killed by CO2 inhalation. The jejunum, lung, 

pancreas, spleen, brain were removed and put into liquid nitrogen, stored 

frozen at -80°C. 

 

Total RNA was extracted using TRIzol® Reagent (invitrogen). Following the 

manufacturerΩs instructions:  

 

Homogenisation: The frozen tissue was broken into small pieces with 

tweezers and weighted; TRIzol® reagent was added (1ml solution per 

50mg tissue). A homogeniser was cleaned with 70% ethanol, and then 

sprayed with RNase Away (Molecular BioProducts, Inc), finally with 1 ml 

TRIzol®. The tissue/Trizol® mixture was homogenised until the tissue was 

thoroughly disrupted. The sample was incubated at room temperature for 

5 min to dissociate nucleoprotein complexes completely. The subsequent 

steps were described in section 2.3.3. 

 

2.3.7 RT-PCR Expression Profiling 

Reverse Transcription 

10˃ l total RNA and 2˃l Random Primer όLƴǾƛǘǊƻƎŜƴϰύ was mixed in an 

RNase-free tube, heated in a heat block (Tecam®) at 72°C for 3 min. 
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Random primers are short oligodeoxyribonucleotides (mostly hexamers) 

of random sequence that prime a target RNA to a random complementary 

sites to serve as primers for DNA synthesis using a reverse transcriptase 

Tubes were removed on ice for 2 min. The following reagents were then 

added to each sample:  

 

Reagent 
5xfirst strand 

buffer 

10mM dNTP 

mix (2.5 each) 

RNase 

inhibitor   

Reverse 

transcriptase 
MgCl2(25mM) 

Volume ( l˃) 4 l˃ 4 l˃ м˃ƭ м˃ƭ пΦр˃ƭ 

Table 2- 3 Reagents added in reverse transcription. 

 

After incubated at 42°C for 1 h, the sample was put in the heat block at 

72°C for 10 min to inactivate the reverse transcriptase. 

 

Primer Information of Target Receptors 

Primer pairs were designed based on the following sequences of mouse 

-̡actin (Genbank Accession number NM_007393.3), mouse GAPDH 

(Genbank Accession number NM_008084.2), mouse GPR40 (Genbank 

Accession number NM_194057.2), mouse GPR41 (Genbank Accession 

number NM_001033316.2), mouse GPR43 (Genbank Accession number 

NM_146187.3), mouse GPR84 (Genbank Accession number 

NM_030720.1), mouse GPR93 (Genbank Accession number BC117528.1), 

mouse GPR119 (Genbank Accession number NM_181751.2), mouse 

GPR120 (Genbank Accession number NM_181748.2) and mouse GPR131 

(Genbank Accession number NM_174985.1). 
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All Primers were designed by using the DNAMAN 6.0.40 primer design 

software (Lynnon Biosoft, USA). Criteria used to design primers were as 

follows: Length between 18-22bp; G-C content between 40-60%; Primers 

that self-hybridized or form primer pair dimers were avoided. All primers 

were purchased from MWG (Ebersberg, Germany). Primer sets for GPR40, 

GPR41, GPR43, GPR119 and GPR120 were used in my colleague 

AƭŜȄŀƴŘǊƻǎ {ȅƪŀǊŀǎΩǎ ǇŀǇŜǊ ǘƻ ǎǘǳŘȅ ǘƘŜ ǘǊŀƴǎŎǊƛǇǘǎ ŜƴŎƻŘƛƴƎ Ŧŀǘǘȅ ŀŎƛŘ 

receptors in duodenal enteroendocrine I cells (Sykaras et al, 2012). 

 

 

 

Primer parameters were input and the summary of the primer was 

showed on the website primer design tool Primer-BLAST. All Figures below 

were from the Primer-BLAST.   Indicates the intron. 

 
Product 

length 
CƻǊǿŀǊŘ ǎŜǉǳŜƴŎŜрΩ-оΩ 

Tm 

ɫ 
Reverse  ǎŜǉǳŜƴŎŜрΩ-оΩ 

Tm 

ɫ 

GAPDH 337bp TGACCACAGTCCATGCCATC 63.04 TTGAAGTCGCAGGAGACAAC 59.01 

Beta-actin (set1) 357bp AGGTCATCACTATTGGCAAC 55.06 ACTCATCGTACTCCTGCTTG 55.49 

Beta-actin (set2) 245bp GTGGGCCGCCCTAGGCACCA 63.30 CGGTTGGCCTTAGGGTTCAGG 57.10 

GPR40 493bp CAGTGTCCCACGCTAAACT 56.31 GGCAGAAAGAAGAGCAGAAT 56.34 

GPR120 446bp TCTGCCACCTGCTCTTCTA 57.19 TTGTTGGGACACTCGGAT 57.30 

GPR41 337bp AGTGCCAGTTGTCCAATACTC 56.78 GAAGAGGGAGGTGAGGTAAAT 56.36 

GPR43 395bp TCCAACTCAAGAGACAGGGT 57.25 GGAGCCCAGTAAGAAAGATGA 58.04 

GPR93 572bp TCATCCTGCTGTTCGCTGT 60.57 TTGGGTGCTTTCTGAGGGT 60.64 

GPR119 541bp GCTGATTGCCTTTGACAGAT 57.89 GAGTGGGTTGAGTAGGGAGTT 57.23 

GPR84 216bp TGAGTCTGTGTTGGGCTATC 56.21 TGGAGGTGGAGGTATGTGT 56.18 

GPR131 245bp CACACTGCTCTTCTTGCTGT 56.73 GATTGTCCCTCTTGGCTCT 56.78 

CD3-d 489bp ACCGAATGTGCCAGAACT 56.51 AGGGTTAGAAATGCCAAGG 56.74 

CD14 420bp TGTTGCTGTTGCTTCTGGT 57.96 TGCGGAGGTTCAAGATGT 57.65 

Table 2- 4 List of primer sets with the information about product size, forward and 

reverse sequence of primer and also the melt temperature. 
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Figure 2- 1 Primer and template of mouse GAPDH. 

Genbank Accession number NM_008084.2. Mus musculus glyceraldehyde-3-phosphate 

dehydrogenase (Gapdh), mRNA. Range: 1 ς 1254 

 

 

 

 
Figure 2- 2 Two primer sets and template of mouse ̡ -actin. 

Genbank Accession number NM_007393.3 Mus musculus actin, beta (Actb), mRNA. Range: 1-1889 

 
Figure 2- 3 Primer and template of mouse GPR40. 

Genbank Accession number NM_194057.2 Mus musculus free fatty acid receptor 1 (Ffar1), mRNA. 

Range: 1-903 

 

 

 

Figure 2- 4 Primer and template of mouse GPR120. 

Genbank Accession number NM_181748.2 Mus musculus G protein-coupled receptor 120 

(Gpr120), mRNA Range: 1-1393 

 

 

Figure 2- 5 Primer and template of mouse GPR41. 

Genbank Accession number NM_001033316.2 Mus musculus free fatty acid receptor 3 (Ffar3), 

mRNA Range: 1-1625 

 

 

Figure 2- 6 Primer and template of mouse GPR43. 

Genbank Accession number NM_146187.3 Mus musculus free fatty acid receptor 2 (Ffar2), mRNA 

Range: 1 ς 2296 
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Figure 2- 7 Primer and template of mouse GPR 93. 

Genbank Accession number BC117528.1 Mus musculus lysophosphatidic acid receptor 5, mRNA. 

Range: 1 ς 1358 

 

 

Figure 2- 8 Primer and template of mouse GPR119. 

Genbank Accession number NM_181751.2 Mus musculus G-protein coupled receptor 119 

(Gpr119), mRNA. Range: 1-2278 

 

 

Figure 2- 9 Primer and template of mouse GPR84. 

Genbank Accession number NM_030720.1 Mus musculus G protein-coupled receptor 84 (Gpr84), 

mRNA. Range: 1 ς 1611 

 

 

 

Figure 2- 10 Primer and template of mouse GPR 131. 

Genbank Accession number NM_174985.1 Mus musculus G protein-coupled bile acid receptor 1 

(Gpbar1), mRNA Range: 1 ς 990 

 

 

 

Figure 2- 11 Primer and template of mouse CD3ɻ . 

Genbank Accession number NM_013487.3 Mus musculus CD3 antigen, delta polypeptide (Cd3d), 

mRNA Range: 1 ς 1330 

 

 
Figure 2- 12 Primer and template of mouse CD14 

Genbank Accession number NM_009841.3 Mus musculus CD14 antigen (Cd14), mRNA Range: 1-

149 
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PCR 

Before the PCR was carried out, the concentration of cDNA was measured 

by the nanodrop®ND-1000 UV-Vis Spectrophotometer to ensure the 

concentration was not over 2000ng/˃ l. As a high concentration of cDNA 

will inhibit the reaction. 

 

PCR to determine the potential blood contaminant in duodenum single 

cells and for positive control were performed firstly. And PCR were carried 

out to analyses the duodenum single cells to study the expression of target 

nutrient sensing receptors. 

  

 

Target 
GPR40 GPR120 GPR41 GPR43 GPR93 GPR119 CD3ɻ  CD14 

Reagent 

(ël) 

Buffer 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

DMSO 1 1 1 1 1 1 1 1 

MgCl2 1.5 1.5 1 1 1.5 1.5 1 1 

ddH2O 15 15 15.5 15.5 15 15 15.5 15.5 

S Primer 

(20pmol/ël) 
1 1 1 1 1 1 1 1 

AS Primer 

(20pmol/ël) 
1 1 1 1 1 1 1 1 

dNTPs(2.5mM) 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 

cDNA 1 1 1 1 1 1 1 1 

Biotaq 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Table 2- 5 Reagents added in each PCR reaction to determine the blood 

contaminant and PCR for positive control. 



81 
 

 

Target 
GPR40 GPR120 GPR41 GPR43 GPR93 GPR119 GPR84 GPR131 

Reagent 

(ël) 

Buffer 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

DMSO 1 1 1 1 1 1 1 1 

MgCl2 1.5 1.5 1 1 1.5 1.5 1 1 

ddH2O 15 15 15.5 15.5 15 15 15 15 

S Primer 

(20pmol/ël) 
1 1 1 1 1 1 1 1 

AS Primer 

(20pmol/ël) 
1 1 1 1 1 1 1 1 

dNTPs(2.5mM) 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6 

cDNA 1 1 1 1 1 1 1 1 

Biotaq 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Table 2- 6 Reagents added in each PCR reaction to amplify target nutrient sensing 

receptors using cDNA from duodenum single cells as template. 

 

 

 

Target 
Initial 

denaturation 
Denaturation Annealing Extension Number 

of cycles 
 Tm(°C) Time Tm(°C) Time Tm(°C) Time Tm(°C) Time 

GPR40 95 5min 95 1min 56 1min 72 3min 40 

GPR120 95 5min 95 1min 56 1min 72 3min 40 

GPR41 95 5min 95 1min 57 1min 72 3min 38 

GPR43 95 5min 95 1min 57 1min 72 3min 38 

GPR93 95 5min 95 1min 56 1min 72 5min 35 

GPR119 95 5min 95 1min 56 1min 72 5min 35 

GPR84 95 5min 95 1min 57 1min 72 2min 40 

GPR131 95 5min 95 1min 57 1min 72 2min 40 

CD3ɻ 95 4min 95 1min 56 1min 72 3.5min 35 

CD14 95 4min 95 1min 56 1min 72 3.5min 35 

Table 2- 7 Thermo cycle for each PCR Primer set. Every reaction was ended with a 

last extension at 72°C for 10 min and hold at 4°C. 
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2.4 Cell Dissociation and RT-PCR for Detecting the FATPs 

2.4.1 Preparation of Positive Control Tissue 

CCK-eGFP mice were killed by cervical dislocation and the brain, lung, 

kidney cortex, testis, liver and heart were removed, immediately rinsed in 

phosphate buffered saline (PBS) and separately placed into individual 

labeled Eppendorff tubes. Samples were then frozen in liquid nitrogen and 

stored frozen at -80°C until used. The RNA extraction was carried out 

following the method mentioned in section 2.3.3 

 

2.4.2 Preparation of CCK-eGFP Mouse Duodenal Single Cells 

The CCK-eGFP mice were killed by cervical dislocation and the duodenum 

was removed and flushed with ice-cold PBS, then cut open lengthwise. 

Tissue was rinsed in PBS and cut into 2-4mm pieces and dissociated in 

10ml PBS with 2mM EDTA at 4°C for 30min with shaking. Following 6min 

centrifugation at 150g, the supernatant was removed and 20ml of fresh 

ice cold PBS was added and the cell pellet was disrupted. The sample was 

then centrifuged again at 150g for 6 min. The cell pellet was resuspended 

in 2ml PBS and filtered through a 50˃m cell strainer. The cell suspension 

was collected in a fresh tube and brought to the cell sorter (BD Biosciences 

FACS Aria).  



83 
 

2.4.3 eGFP Positive and Negative Cells Sorting: 

To study the expression of FATPs in CCK-eGFP cells and in non CCK cells, 

fluorescent activated cell sorting was performed. CCK-eGFP mouse 

duodenal single cells were consequently sorted in to eGFP Positive Cell 

(Green fluorescence labeled CCK cells) and eGFP negative cells (all other 

duodenal cells). 

 

Cell autofluorescence interferes with the detection of eGFP fluorescence, 

thus, the autofluorescence need to be substracted. Duodenal single cell 

suspensions isolated from a CD1 mouse were used as a control to set the 

base line of the green fluorescent background. 

 

The CCK-eGFP mouse duodenal single cell suspensions were separated by 

BD Biosciences FACS Aria cell sorter. Sample was excited at 488nm 

(emission 530/30nm) to detect eGFP. Events with very low side scatter and 

forward scatter were excluded because these events presumably 

represented debris; and events with a high pulse width were excluded as 

well since these likely represented cell aggregates. GFP positive and 

negative cells were collected separately into lysis buffer for RNA extraction. 
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2.4.4 RNA Extraction from FACS-sorted Cells 

Total RNAs from FACS-sorted cells were isolated using the RNAqueous®-

Micro kit (Ambion). An aliquot of Elution Solution was preheated in a 

tightly closed RNase-free tube in the heat block set to 75°C. 250˃ l 100% 

ethanol was added in to the lysate. Then the lysate/ethanol mixture was 

loaded onto a Micro Filter Cartridge Assembly. A 10 seconds 15000g 

centrifugation was carried out to make the entire sample pass through the 

filter. Then the collection tube was emptied. 150˃l of wash solution 1 was 

added to the RNA bound filter on the micro filter cartridge and centrifuged 

for 10 seconds at 15000g to pass the solution through the filter. Then 

180˃ l Wash solution2/3 was added to the filter and centrifuged for 10 

seconds at 15000g. This wash step was repeated once with 180˃ l wash 

solution2/3. Then the micro Filter cartridge was centrifuged at 13000rpm 

for 1 min to remove residual fluid. 10˃ l preheated Elution Solution was 

added to the center of the filter and stored at room temperature for 1min 

then centrifuged at 13000rpm for 30 seconds to elute the RNA from the 

filter. The RNA solution was collected into a fresh 1.5ml micro elution tube. 

Another 10˃ l elution solution was added and the elution step was 

repeated once. The RNA was stored at -20°C until use. 
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2.4.5 Reverse Transcription 

2.5˃ g of total RNA and 2˃l random primer was mixed in an RNase-free 

tube, heated in a heat block at 72°C for 3 min, and then the tube was 

placed on ice for 2 min. The following reagents were added to the tube 

after it cooled: 5xfirst strand buffer 4˃ l, 10mM dNTP mix (2.5mM each) 

4 l˃, RNase inhibitor м˃ƭ, wŜǾŜǊǎŜ ǘǊŀƴǎŎǊƛǇǘŀǎŜ м˃ƭ and 25mM mgCl2 пΦр˃ƭ. 

After Incubating at 42°C for 1 h, the sample was placed in the heat block 

at 72°C for 10 min to inactivate the reverse transcriptase. The synthesised 

cDNA was stored in -20°C freezer until use. 

 

2.4.6 PCR 

Primer sequence, product size and the annealing temperature are 

presented in the table 2-8. Primer sets of FATP1, FATP2 and FATP4 and 

CD36 were used in Ph.D. thesis of Anthony David Jackson (University of 

Manchester, 2007).   
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Gene Product length Forward sequence5Ω-3Ω 

Tm  

(°C) 

Reverse sequence5Ω-3Ω 

Tm 

(°C) 

Annealing 

temperature 

(°C) 

FATP1 174 ACCAGTGTCCAGGGGTACAG 61.4 TGTCTCCCAGCTGACATGAG 59.4 60 

 

FATP2 168 ATGCCGTGTCCGTCTTTTAC 57.3 GACCTGTGGTTCCCGAAGTA 59.4 58 

 

FATP3 339 CCTTTGGATTTGGTTCGG 53.7 CCAGTAGTGCCAGAGGTGAA 59.4 56 

 

FATP4 160 TGGAAAGGGGAGAATGTATC 54.1 TCTCCAGGTCACAGTTGCTG 59.6 58 

 

FATP5 530 CACTGCGGGGCTGTGGGAAG 65.6 TAGGCAGGGAGCCAGGAGCG 65.5 63 

 

FATP6 483 GGGCGCCACGTGTGTGCTAA 63.5 GTGTCCGAGCCAGCGTAGCC 65.5 63 

 

CD36 208 TGCTGGAGCTGTTTATTTGGTG 59.5 GTTCTTTGCCACGTCATCTG 58.4 60 

Table 2- 8 Information of FATP1-6 and CD36 PCR primers. 

Listed are product size, forward and reverse sequence of primers, melting temperature 

and annealing temperature for each PCR reaction. In addition, whether the primers 

are intron spanning is also indicated. Red segments indicate exon; the space between 

the red segments indicate exon-intron junctions. 
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The following were added to each tube: 2.5˃ƭ 10Xreaction buffer, 15˃ƭ 

ddH2O, 1.6˃ ƭ 10mMdNTPs, 1˃ƭ DMSO, 1.5˃ ƭ MgCl2, 1˃ƭ forward primer, 1˃ ƭ 

reverse primer, 1˃ ƭ cDNA and 0.4˃ƭ Biotaq. Thermo cycling conditions 

were as follow: initial denaturation at 95°C for 5min; 30-35 cycles of PCR 

amplification step: denaturation at 95°C for 1min, annealing at 

temperature listed in Table 2-8 for 1min, extension at 72°C for 1min; 

followed with a final extension step at 72°C for 10min. PCR products were 

viewed on a 1.5% agarose gel with RT minus controls. 

 

2.5 Establishment of Cell Isolation and Culture Methodology for 

Further Functional Work 

 

2.5.1 Comparison of Collagenase and DTT-EDTA Dissociation Methods 

Collagenase Dissociation 

A CCK-eGFP mouse was killed and the duodenum was removed, rinsed 

with ice-cold L-15, opened vertically and cut into small pieces. The 

prepared tissue was put into a 15ml Falcon tube containing  1mg/ml 

collagenase in Ca2+ Mg2+ free HBSS (pH 7.4) with 10% FBS (or without FBS 

in the comparison experiment to see whether serum is necessary). The 

Falcon tubes were put into a 37°C shaking incubator and shaken at 

175rpm for 20 minutes, then the speed was reduced to 100rpm for a 
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further 10 minutes, and finally tubes were gently inverted by hand 5 times. 

The cell suspension was transferred to a fresh Falcon tube and was 

centrifuged at 300g. The pellet was washed with HBSS twice and 

resuspended with HBSS or DMEM with 5% FBS and put in the 12-well 

plates. Plates were then kept in a 37°C in an incubator supplied with 5% 

CO2 until required.  

 

DTT-EDTA Dissociation 

A CCK-eGFP mouse was killed and the duodenum was removed, rinsed 

with ice-cold PBS, opened vertically and cut into small pieces. The 

prepared tissue was put into a 15ml Falcon tube containing was put into 

0.5mM DTT together with 2mM EDTA in Ca2+ Mg2+ free HBSS (pH 7.4) with 

10% FBS(or without FBS in the comparison experiment to see whether 

serum is necessary). The Falcon tubes were put into a 37°C shaker 

incubator and kept 175rpm for 20 minutes then the speed was reduced 

to 100rpm for further 10 minutes and finished with a gentle shaking by 

hand. The cell suspension was transferred to a fresh falcon tube and was 

centrifuged at the speed of 300g. The pellet was washed with HBSS twice 

and resuspended with HBSS or DMEM with 5% FBS and put in the 12-well 

plates kept in a 37°C incubator supplied with 5% CO2 for further 

microscopy and viability measurement. 
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2.5.2 Assessment of Cell Viability 

Hoechst is a blue fluorescent dye which stains DNA. Propidium iodide 

binds the nucleic acid but it is membrane impermeable thus excluded 

from viable ells. 1mg/ml Hoechst and 1mg/ml propidium iodide stock 

solution was made and kept at 4°C. The isolated mouse duodenal cells 

were stained for 30 min in working concentration of 2µg/µl Hoechst and 

5µg/µl PI solution in HBSS. After a 2min centrifugation at the speed of 

300g, the stained cells were resuspended in 20ul of HBSS and transferred 

to a slide. A cover slip was gently put on and then the slide was visualized 

using fluorescent microscopy. Images were collected on an Olympus BX51 

microscope using a 20x objective and captured using a Coolsnap ES 

camera through the software MetaVue. The number of Hoechst stained 

cells (Blue) and the PI stained cells (Red) were counted on the images 

using Image J software. The color images (RGB) were converted to 

greyscale by setting Edit>Options>Conversions ǘƻ άscale when convertingέ 

then the images were converted to greyscale by Image>Type>16 bit. Once 

the image is in greyscale, the following steps were performed: 1) 

highlighting all the cells required to count by setting threshold via the 

menu command: Image>Adjust>Threshold. A binary version of the image 

ǿŀǎ ŎǊŜŀǘŜŘ ǿƘŜƴ ŎƭƛŎƪ άŀǇǇƭȅέΤ 2) Analyse particles: Analyze>Analyze 

particles. ¢ƘŜ ŎƘƻƛŎŜ ά{ƛȊŜέ ǿŀǎ ǎŜǘ ŀǎ л-infinityΣ ά/ƛǊŎǳƭŀǊƛǘȅέ ǿŀǎ ǎŜǘ ŀǎ 

default 0.00-мΦллΦ ¢ƘŜƴ ŎƭƛŎƪ ά5ƛǎǇƭŀȅ wŜǎǳƭǘǎέ ōǳǘǘƻƴΦ The viability was 
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calculated using the following equation: Viability= (1-red/blue) x100.  

 

2.5.3 Cell Adhesion 

96-well glass bottom plates were coated separatly by Poly-L-Lysine, Cell-

Tak and Matrigel. Isolated mouse duodenal cells were stained with 

Hoechst and put in the wellǎ όрл˃ƭ ŎŜƭƭ ǎǳǎǇŜƴǎƛƻƴ ƛƴ ŜŀŎƘ ǿŜƭƭύ ŀƴŘ ǇƭŀŎŜŘ 

into a 37°C incubator supplied with 5% CO2 for 1.5 hours. The cells were 

visualized using fluorescent microscopy with a 37°C chamber supplied 

with 5% CO2 to place the plates. Images were collected on a TE2000 

microscope (Nikon) using the 10x objective. Then the medium in every 

coated well was removed gently by a pipette, followed adding fresh 

medium and repeat once. The cells were visualized and images were 

collected again with the same equipment and same settings. The number 

of Hoechst stained cells was counted using Image J.  

 

2.6 Optimisation of Calcium Imaging 

2.6.1 Fura-2 Loading Condition Optimisation 

Experiments were performed to assess the effectiveness of loading cells 

with the rationmetric dye Fura-2. CCK-eGFP mouse duodenal single cells 

was incubated ǎŜǇŀǊŀǘŜƭȅ ǿƛǘƘ р˃aΣ т˃a ŀƴŘ мл˃a ŦǳǊŀ-2-AM 
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(Invitrogen) for 20min, 30min and 45min in HEPES physiological saline (pH

7.4) containing 104mM NaCl, 5mM KCl, 1.2mM MgSO4, 1.2mM KHPO4, 

2mM CaCl2 , 25mM HEPES, 15mM glucose and 2mM L-glutamine. 

Incubation with Fura-2 was carried out both at room temperature and 

37°C, with or without the probenecid. Fluorescent values of loaded cells 

at 340nm were recorded by the Nikon Diaphot inverted microscope 

through a 40x oil immersion objective using Meta Fluor software 

(Molecular Devices, UK).  

 

2.6.2 Calcium Imaging of Ionomycin Positive Control 

Cells loaded with Fura-2 were transferred on to a 13mm round coverslip 

and put into a perfusion chamber (Warner Instruments). Experiments 

were performed using Nikon Diaphot inverted microscope with a 40x oil-

immersion objective. Fura-2 fluorescence bound to intracellular calcium 

was excited at 340 whereas unbound fura-2 was excited by 380 nm UV 

light and emits at 510nm of light. The GFP was excited at 488 nm with an 

emission peak wavelength of 509nm. Emission was recorded with a 

camera (Digital Pixel Ltd, Brighton). The 340nm/380nm ratio of the 

emissions is correlated to the amount of intracellular calcium. A 3M˃ 

ionomycin perfusion solution was made with HEPES buffered saline and 

perfused on the fura-2 loaded mouse duodenal cells stuck down on a 
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coverslip in a perfusion chamber at ~1 ml/min. The fluorescent value and 

the 340/380nm ratio were recorded by Meta Fluor software (Molecular 

Devices, UK). All imaging process were carried out at room temperature. 

 

2.7 Immunohistochemistry and FACS Analysis of CCK Cells 

2.7.1 Preparation of Single Cells from CCK-eGFP Mouse Duodenum 

A CCK-eGFP mouse was killed and the duodenum was removed, rinsed 

with ice-cold PBS, opened vertically, cut into small pieces and put into a 

falcon tube containing 10ml 2mM EDTA HBSS solution (pH7.4) supplied 

with 10mM HEPES and 5mM glucose. The tube was placed on ice for 

30min, followed by a mild shake. The supernatant was discarded and 

fresh HBSS was added. The tube was vigorously shaken by hand and the 

supernatant was collected. This process was repeated three times and the 

cell suspensions mixed and centrifuged was followed at 300g for 6min. 

The pellet was washed with 10ml fresh HBSS for twice and then 

transferred into a 2ml Eppendorf tube. 

 

2.7.2 Immunostaining and FACS Analysis 

Single cell suspensions were fixed with an optimised fixing method: 

methanol was added into the sample and incubated for 10min followed 
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by another incubate in 4% paraformaldehyde (PFA) for 20min in PBS at 

room temperature. The cells were washed twice with PBS and put in to 

an optimised blocking solution: 1% goat serum (v/v) in PBS with 0.1% v/v 

Triton X100 (Sigma) for 2h at room temperature. The blocking solution 

was removed by a 5min 800g centrifugation. The cells were incubated 

with eGFP antibody (Sigma, 1:500)/CCK antibody (gifted by Prof GJ 

Dockray; 1:500) in PBS with 1% goat serum at 4°C overnight on a rotator. 

Cells were rinsed 3 times in PBS and then incubated with a red fluorescent 

secondary antibody (Alexa-647, Invitrogen, 1:5000). For negative controls, 

primary antibody was substituted with PBS with 1% goat serum. 

 

After 3 washes with PBS, cells were analysed using the Beckman Coulter 

Cyan ADP flow cytometer. Samples were excited at 488nm (emission 530 

± 40nm) to detect eGFP, and at 635nm (emission 665 ± 20nm) to detect 

the secondary antibody Alexa 647. Events with very low side and forward 

scatter were excluded as these are likely to represent debris, and events 

with a high pulse width were excluded to eliminate cell aggregates. 
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3 ESTABLISHMENT OF RT-PCR METHODOLOGIES 

G-Protein coupled receptors resident in enteroendocrine cells, they have 

been implicated in dietary lipid sensing. However, the diffuse and sparse 

distribution of EEC cells has made the study of the fat sensing mechanisms 

and the fatty acid receptors expression in native EEC cells difficult. 

Therefore, to advance studies on EEC cells, a cell dissociation method to 

obtain single cells from mouse duodenum and the establishment of RT-

PCR methodology are essential. The aims of the following sections are to:  

1. Devise a single cells dissociated method to get the single cells from 

mouse duodenum; 

 

2. Establish RT-PCR methodology to determine whether duodenal CCK 

cells contain transcripts encoding fatty acid receptors and also 

transcripts encoding other nutrient receptors of potential importance. 

 

Firstly, data comparing single cells dissociated from adult mouse 

duodenum using collagenase XI or dithiothreitol (DTT) and EDTA are 

presented. Secondly, total RNA was successfully extracted from isolated 

groups of single cells. Finally, RT-PCR was employed to analyse the 

expression of housekeeping gene, blood contaminants and target 

receptors (GPR40, GPR41, GPR43, GPR84, GPR93, GPR119, GPR120, and 

GPR131). 
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3.1 Cell Dissociation 

Two cell dissociation protocols were compared for the ability to yield single 

duodenal cells from mouse small intestine. The cell viability was not 

measured as this dissociation is only for RNA extract, the isolated cells will 

directly go in to lysis buffer or be froze in -80°C. Figure 3-1 shows the single 

cells dissected from adult mouse duodenum and dissociated using DTT and 

EDTA. Figure 3-2 shows the single cells dissociated from adult mouse 

duodenum using collagenase XI. Single cells dissociated by DTT-EDTA 

appeared as separate cells rather than clumps, as were observed for cells 

dissociated using collagenase XI. Additionally, DTT method was less time 

consuming and easier to control the conditions compared to the 

collagenase method. Certainly, DTT method was deemed to be more 

suitable for RNA extraction and subsequent RT-PCR work than the 

collagenase XI method and therefore the DTT method was adopted for 

future work. 
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Figure 3- 1 Single cells dissociated from adult mouse duodenum using DTT. 

5ml cell/buffer was poured in a 10cm dish and viewed under microscope. 

(Magnification=X40). Typical of 3 preparations. The scale bar is 100ɛm. 

 

A                    B                    C 

 

Figure 3- 2 Single cells dissociated from adult mouse duodenum using collagenase XI. 

Cell dissociation was carried out using collagenase XI to obtain single cells from mouse 

ŘǳƻŘŜƴǳƳΦ ол˃ƭ ŎŜƭƭκōǳŦŦŜǊ ǿŀǎ Ǉǳǘ ƻƴ ŀ Ǝƭŀǎǎ ǎƭƛŘŜ ŀƴŘ ƻōǎŜǊǾŜŘ ǳƴŘŜǊ ƳƛŎǊƻǎŎƻǇŜ 

(magnification=X100). A&B: The proportion of single cells was ~ 40%. Most of the cells 

were not completely dissociated. As the pictures show, several cells are still stuck 

together. C: Cell clumps were found in the sample of mouse duodenum single cells. The 

proportion of the cell clumps represented about 60% of the whole cell population. 

Typical of 3 preparations. 
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3.2 RNA Extraction 

Total RNA was extracted from adult mouse duodenum single cells using 

TRIzol® reagent, and DNase I treated to remove genomic DNA. Three RNA 

samples were loaded on to a 1% denatured agarose gel. The bands of the 

large ribosomal subunit (28S) and the small ribosomal subunit (18S) were 

clearly visible indicating intact RNA (Figure 3-3).  

 

RNA was isolated from spleen to be used as a positive control for target 

primer sets and to test the primers for CD3 and CD14 which were utilized 

as markers of the blood contaminant (CD3 for lymphocytes and CD14 for 

macrophages, neutrophil granulocytes and monocytes) in single cells from 

duodenum. Figure 3-4 shows RNA obtained from mouse spleen, the two 

characteristic ribosomal RNA bands were clearly visible. The inclusion of 

the 0.5-10kb RNA ladder (Invitrogen) enabled the size of each band to be 

determined and confirmed the gel had run correctly. 

 

Total RNA was also successfully isolated from mouse pancreas, jejunum, 

lung and brain to act as positive controls for target primer sets (data not 

shown). 

http://en.wikipedia.org/wiki/Macrophages
http://en.wikipedia.org/wiki/Neutrophil
http://en.wikipedia.org/wiki/Granulocytes
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Figure 3- 3 Representative gel electrophoresis picture of total RNA isolated from 

mouse duodenum. 

DNase treated total RNA extracted from mouse duodenal single cells. Total RNA was 

ƛǎƻƭŀǘŜŘ ǳǎƛƴƎ ¢wLȊƻƭϯ wŜŀƎŜƴǘΦ р˃ƭ wb! ǿƛǘƘ р˃ƭ sample mix (containing 1.3˃ƭ 

formaldehyde, 3.1˃ ƭ ŦƻǊƳŀƳƛŘŜΣ 0.625˃ ƭ рҎaht{ύ ŀƴŘ н˃ƭ ƻŦ ŦƻǊƳŀƭŘŜƘȅŘŜ loading 

buffer were visualized on a 1% denature agarose gel. The gel was run at 70V for 45min. 

The 28S and 18S ribosomal RNA can be seen. Typical of 3 preparations. 

 

 
Figure 3- 4 Representative gel electrophoresis of total RNA isolated from spleen. 

5bŀǎŜ ǘǊŜŀǘŜŘ ǘƻǘŀƭ wb! ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ƳƻǳǎŜ ǎǇƭŜŜƴ ǳǎƛƴƎ ¢wLȊƻƭϯ wŜŀƎŜƴǘΦ р˃ƭ wb! 

ǿƛǘƘ р˃ƭ ǎŀƳǇƭŜ ƳƛȄ όcontaining 1.о˃ƭ ŦƻǊƳŀƭŘŜƘȅŘŜΣ 3.1˃ ƭ ŦƻǊƳŀƳƛŘŜΣ 0.625˃ ƭ 

рҎaht{ύ ŀƴŘ н˃ƭ ƻŦ ŦƻǊƳŀƭŘŜƘȅŘŜ ŘȅŜ ǿŜǊŜ ǾƛǎǳŀƭƛȊŜŘ ƻƴ ŀ м҈ ŘŜƴŀǘǳǊŜ ŀƎŀǊƻǎŜ ƎŜƭΦ 

The gel was run at 70V for 1h. The 28S and 18S ribosomal RNA can be seen. The 

positions of size marker (0.5-10kb RNA ladder, invitrogen) are shown on the left in kilo 

base pairs. Typical of 3 preparations. 
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3.3 Reverse Transcription 

Reverse transcription was performed using 30g˃ (10˃ ƭ 3 g˃/ l˃) total RNA 

obtained from mouse duodenum single cells to synthesise cDNA. cDNA 

synthesised by reverse transcription was used for RT-PCR to analysis the 

expression of target nutrient sensing receptors. Figure 3-5 shows the 

single-stranded complementary DNA synthesized from the RNA template 

isolated from mouse duodenum single cells using reverse transcriptase. 

cDNA from mouse spleen, pancreas, lung, jejunum and brain were also 

successfully synthesized (data not shown) to determine the possible blood 

contaminants in single cells dissociated from mouse duodenum and to 

analyses the expression of target nutrient sensing receptors using RT-PCR. 

 

Figure 3- 5 Agarose gel electrophoresis of duodenal cDNA. 

р˃ƭ Ŏ5b! sample yielded from reverse transcription using 30˃ g of total RNA obtained 

from mouse duodenum cells was loaded in 1% agarose gel, run at 70V for 1h and 

stained with ethidium bromide. The position of size marker (Hyperladder I, Bioline) is 

shown on the left in base pairs.  
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3.4 PCR Result for GPCRs 

PCR analysis was carried out to study the expression of target nutrient 

sensing receptors in duodenal I cells. The primer sets designed for mGPR40 

also known as free fatty acid receptor 1 (FFAR1) (Genbank Accession 

number NM_194057.2), mGPR41 (FFAR3) (Genbank Accession number 

NM_001033316.2), mGPR43 (FFAR2) (Genbank Accession number 

NM_146187.3), mGPR84 (Genbank Accession number NM_030720.1), 

mGPR93 (Genbank Accession number BC117528.1), mGPR119 (Genbank 

Accession number NM_181751.2), mGPR120 (FFAR4) (Genbank Accession 

number NM_181748.2) and mGPR131 (Genbank Accession number 

NM_174985.1) were optimised using various control tissue (mouse 

pancreas, lung, colon, testis, jejunum and spleen). ~100ng cDNA was used 

in each PCR reaction to determine the expression of target GPCRs in these 

tissues. 

 

RT-PCR was performed on RNA extracted from mouse duodenum single 

cells to analyse the expression of eight target nutrient sensing receptors. 

~100ng cDNA was used in each PCR reaction. The products for each 

receptor were viewed on the agarose gel. RT minus controls were included 

that consisted the same reagent and thermocycling, but without RT. No 

product was observed to be amplified under these conditions indicating 

that genomic DNA was not present in the cDNA samples. 
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3.4.1 GPR40 and GPR120 

GPR40 primers amplified bands of predicted product size (493bp) both in 

positive control (pancreas) (Figure 3-6) and in cDNA from duodenal single 

cells (Figure 3-7). Figure 3-8 shows the test result of linear amplification 

for GPR40. Five different amount (1800ng, 180ng, 18ng, 1.8ng and 0.18ng) 

of mouse duodenal cDNA template were tested, no band was observed 

with 1.8ng and 0.18ng template. The intensity of the bands given by 18ng, 

180ng and 1800ng template was ascending which indicates the amount of 

cDNA template (~100ng) was within the range of linear amplification. In 

RT-PCR to amplify mouse GPR120 using positive control cDNA (lung) and 

duodenum single cells, products of the expected size (446bp) were 

observed (Figure 3-9 and Figure 3-10). Figure 3-11 shows the test result of 

linear amplification for GPR120. No band was observed with 0.18ng and 

1.8ng template. 180ng and 1800ng gave almost the same band intensity. 

18ng template gave a faint band compared with the 180ng and 1800ng 

bands. 

 

3.4.2 GPR41 and GPR43 

RT-PCR positive control for GPR41 using mouse brain cDNA as template 

gave faint multiple bands as figure 3-12 shows. There is no detectable 

product in RT-PCR amplifying GPR43 using mouse spleen cDNA (Figure3-
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12). Figure 3-13 and figure 3-14 show the expected size of products (337bp 

for GPR41, 346bp for GPR43) in positive control using cDNA from mouse 

colon as template. In figure 3-15, multiple bands were observed on the gel 

of duodenal single cells PCR products of GPR41 and GPR43. Bands of 

expected size product (337bp for GPR41 and 346bp for GPR43) were 

observed. The size of unexpected band in the GPR41 reaction was between 

500bp and 600bp. The sequence of both forward and reverse primers was 

inputted in the nucleotide blast to determine the potential product from 

splice variants. A 560bp potential product was found on Mus musculus 

strain C57BL/6J chromosome7.GRcin38.p2 c57BL/6J (NC 000073.6). No 

related product was found with the GPR43 primers. The unintended band 

may therefore be due to mispriming. 

 

3.4.3 GPR84 

GPR84 primers amplified a band of predicted product size (216bp) in both 

positive control (lung) (Figure3-16) and duodenal single cells (Figure3-17). 

 

3.4.4 GPR119  

GPR119 primers amplified a band of predicted product size (541bp) in RT-

PCR using testis (Figure3-19) and duodenal single cells cDNA as template 
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(Figure3-20) but failed to yield product using cDNA from pancreas(Figure 

3-18). 

 

3.4.5 GPR 93 and 131 

Figure 3-21 and figure 3-22 show the bands of expected size (572bp for 

GPR93, 245bp for GPR131) in RT-PCR for duodenal single cells. However, 

RT-PCR failed to detect mouse GPR93 in mouse jejunum (Figure 3-18) and 

in mouse colon (data not shown). Also, there is no detectable products in 

RT-PCR for mouse GPR131 using mouse spleen cDNA as template (data not 

shown). 
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Figure 3- 6 Positive control RT-PCR of mouse pancreas RNA for GPR40. 

PCR was carried out with mouse GPR40 primers. cDNA from mouse pancreas was used 

ŀǎ ǘŜƳǇƭŀǘŜΦ у˃ƭ ǇǊƻŘǳŎǘ ǿŀǎ ƭƻŀŘŜŘ ƻƴ м҈ ŀƎŀǊƻǎŜ ƎŜƭ, run and stained with ethidium 

bromide. A strong band correlated with ̡-actin of the right size at ~350bp and a ~500bp 

band which correlated with the predicted product size (493bp) can be seen on the gel. 

No product was apparent in RT minuse control. The position of size marker 

(Hyperladder II, Bioline) is shown on left in base pairs. Typical of 3 reactions. 

 

Figure 3- 7 RT-PCR of RNA from duodenal single cells for GPR40. 

w¢πt/w ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ƳƻǳǎŜ Dtwпл ǇǊƛƳŜǊǎ ǘƻ ŘŜǘŜŎǘ Dtwпл Ƴwb! ƛƴ ǘƘŜ 

ŘǳƻŘŜƴǳƳ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎΦ у ˃ƭ ǇǊƻŘǳŎǘ ŀƴŘ р˃ƭ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴ м҈ 

agarose gel stain with ethidium bromide. A ~500bp band can be seen on gel which 

correlating the predicted product size of 493bp. No product was apparent in RT minus 

control. Typical of 3 reactions. 
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Figure 3- 8 RT-PCR for GPR40 is sensitive to template amount. 

Products from GPR40 w¢πt/w reactions were loaded on 1% agarose gel, run and stained 

with ethidium bromide. Different amount (1800ng, 180 ng, 18 ng, 1.8 ng, 0.18 ng) of 

cDNA obtained from mouse duodenal single cells was used as template to detect the 

linear amplification range of the cDNA concentration. Products of correct size (493bp) 

can be seen in the reaction with cDNA template amount of 1800ng, 180ng and 18ng.  

 

 

Figure 3- 9 Positive control RT-PCR of mouse lung RNA for GPR120. 

PCR was carried out with mouse GPR120 primers. cDNA from mouse lung was used as 

ǘŜƳǇƭŀǘŜΦ у˃ƭ ǇǊƻŘǳŎǘ ǿŀǎ ƭƻŀŘŜŘ ƻƴ м҈ ŀƎŀǊƻǎŜ ƎŜƭ, run and stained with ethidium 

bromide. A strong band correlated with ̡-actin of the right size at ~350bp and a ~450bp 

band which correlated with the predicted product size (446bp) can be seen on the gel. 

No product was apparent in RT minuse control. The position of size marker 

(Hyperladder II, Bioline) is shown on left in base pairs. Typical of 3 reactions 
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Figure 3- 10 RT-PCR of RNA from duodenal single cells for GPR120. 

w¢πt/w ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ƳƻǳǎŜ Dtwмнл ǇǊƛƳŜǊǎ ǘƻ ŘŜǘŜŎǘ Dtwмнл Ƴwb! ƛƴ ǘƘŜ 

ŘǳƻŘŜƴǳƳ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎΦ у˃ƭ ǇǊƻŘǳŎǘ ŀƴŘ р˃ƭ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴ м҈ 

agarose gel stain with ethidium bromide. A ~450bp band can be seen on gel which 

correlating the predicted product size of 446bp. No product was apparent in RT minus 

control. Typical of 3 reactions. 

 

 

Figure 3- 11 RT-PCR for GPR120 is sensitive to template amount. 

Products from GPR120 RT-PCR reaction were loaded on 1% agarose gel, run and stained 

with ethidium bromide. Different amount (1800ng, 180 ng, 18 ng, 1.8 ng, 0.18 ng) of 

cDNA obtained from mouse duodenal single cells was used as template to detect the 

linear amplification range of the cDNA concentration. Products of correct size (446bp) 

can be seen in the reaction with cDNA template amount of 1800ng, 180ng and 18ng. 
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Figure 3- 12 Positive control of mouse brain and spleen RNA for GPR41 and GPR43. 

PCR was carried out with mouse GPR41 and GPR43 primers separately, cDNA from 

mouse brain and cDNA from spleen were used as templateΦ у˃ƭ ǇǊƻŘǳŎǘǎ ǿŜǊŜ ƭƻŀŘŜŘ 

on 1% agarose gel stain with ethidium bromider. The lower band shown in lane 2 is the 

right size of product of GPR41 (337bp). There is no visible signal of GPR43. No product 

was observed in RT minus control. The position of size marker (Hyperladder II, Bioline) 

is shown on the left in base pairs. 

 

 

 

Figure 3- 13 Positive control RT-PCR of mouse colon RNA for GPR41. 

w¢πt/w ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ with mouse GPR41 primers. cDNA from mouse colon was used 

as templateΦ у˃ƭ ƻŦ ŜŀŎƘ ǇǊƻŘǳŎǘ ǿƛǘƘ р˃ƭ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴ мΦр҈ ŀƎŀǊƻǎŜ 

gel (0.3g agarose and 0.3g nusieve GTG® agarose wear melted in 40ml TAE buffer), run 

and stained with ethidium bromide respectively. A strong band correlated with ̡-actin 

of the right size at ~250bp and a ~350bp band which correlated with the predicted 

product size (337bp) can be seen on the gel. No product was apparent in RT minuse 

control. The position of size marker (Hyperladder IV, Bioline) is shown on left in base 

pairs. Typical of 3 reactions. 
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Figure 3- 14 Positive control RT-PCR of mouse RNA for GPR43. 

w¢πt/w ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ with mouse GPR43 primers. cDNA from mouse colon was used 

as template. у˃ƭ ƻŦ ŜŀŎƘ ǇǊƻŘǳŎǘ ǿƛǘƘ р˃ƭ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴ мΦр҈ ŀƎŀǊƻǎŜ 

gel (0.3g agarose and 0.3g nusieve GTG® agarose wear melted in 40ml TAE buffer) run 

and stained with ethidium bromide respectively. A strong band correlated with ̡-actin 

of the right size at ~250bp and a ~300bp band which correlated with the predicted 

product size (346bp) can be seen on the gel. No product was apparent in RT minuse 

control. The position of size marker (Hyperladder IV, Bioline) is shown on left in base 

pairs. Typical of 3 reactions. 

 

 

Figure 3- 15 RT-PCR of RNA from duodenal single cells for GPR41 and GPR43. 

w¢πt/w ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǘƻ ŘŜǘŜŎǘ Dtwпм ŀƴŘ Dtwпо Ƴwb!Φ у˃ƭ ƻŦ ŜŀŎƘ ǇǊƻŘǳŎǘ ǿƛǘƘ 

р˃ƭ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴ мΦр҈ ŀƎŀǊƻǎŜ ƎŜƭ όлΦоƎ ŀƎŀǊƻǎŜ ŀƴŘ лΦоƎ ƴǳǎƛŜǾŜ 

GTG® agarose were melted in 40ml TAE buffer)stain with ethidium bromide respectively. 

Both the GPR41 and the GPR43 primer sets generated two bands, both the lower band 

are correlated with the predicted product size (337bp for GPR41, 346bp for GPR43). No 

product was apparent in RT minus control. Typical of 3 reactions. 
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Figure 3- 16 Positive control RT-PCR of mouse lung RNA for GPR84. 

PCR was carried out with mouse GPR84 primers. cDNA from mouse lung was used as 

ǘŜƳǇƭŀǘŜΦ у˃ƭ ǇǊƻŘǳŎǘ ǿŀǎ ƭƻŀŘŜŘ ƻƴ 1.5% agarose gel (0.3g agarose and 0.3g nusieve 

GTG® agarose wear melted in 40ml TAE buffer), run and stained with ethidium bromide. 

A ~200bp band which correlated with the predicted product size (216bp) can be seen 

on the gel. No product was apparent in RT minuse control. The position of size marker 

(IV, Bioline) is shown on left in base pairs. No product was apparent in RT minus control. 

Typical of 3 reactions. 

 

 

 

Figure 3- 17 RT-PCR of RNA from duodenal single cells for GPR84. 

w¢πt/w ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ƳƻǳǎŜ Dtwуп ǇǊƛƳŜǊǎ ǘƻ ŘŜǘŜŎǘ Dtwуп Ƴwb! ƛƴ ǘƘŜ 

ŘǳƻŘŜƴǳƳ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎΦ у˃ƭ ǇǊƻŘǳŎǘ ŀƴŘ р˃ƭ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴ мΦр҈ 

agarose gel (0.3g agarose and 0.3g nusieve GTG® agarose wear melted in 40ml TAE 

buffer)stain with ethidium bromide. Product of 216bp is visible on the gel. No product 

was apparent in RT minus control. Typical of 3 reactions. 
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Figure 3- 18 Positive control RT-PCR of mouse jejunum and pancreas RNA for GPR93 

and GPR119. 

PCR was carried out with mouse GPR93 and GPR119 primers separately, cDNA from 

mouse jejunum and cDNA from pancreas were used as templateΦ у˃ƭ ǇǊƻŘǳŎǘǎ ǿŜǊŜ 

loaded on 1% agarose gel stain with ethidium bromider. There is no visible signal of 

neither GPR93 nor GPR119. No product was observed in RT minus control. The position 

of size marker (Hyperladder II, Bioline) is shown on the left in base pairs. 

 

 

Figure 3- 19 Positive control RT-PCR of mouse testis RNA for GPR119. 

PCR was carried out with primers detecting mouse GPR119. cDNA from mouse testis was used as 

ǘŜƳǇƭŀǘŜΦ у˃ƭ ǇǊƻŘǳŎǘ ǿŀǎ ƭƻŀŘŜŘ ƻƴ м҈ ŀƎŀǊƻǎŜ ƎŜƭ, run and stained with ethidium bromide. A 

~500bp band which correlated with the predicted product size (541bp) can be seen on the gel. 

No product was apparent in RT minuse control. The position of size marker (IV, Bioline) is shown 

on left in base pairs. No product was apparent in RT minus control Typical of 3 reactions
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Figure 3- 20 RT-PCR of RNA from duodenal single cells for GPR119. 

w¢πt/w ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ with mouse GPR119 primers to detect GPR119 mRNA in the 

ŘǳƻŘŜƴǳƳ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎΦ у˃ƭ ǇǊƻŘǳŎǘ ŀƴŘ р˃ƭ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴ м҈ 

agarose gel, rub and stained with ethidium bromide. A ~550bp band can be seen on gel 

which correlating the predicted product size of 541bp. No product was apparent in RT 

minus control. Typical of 3 reactions. 

 

 

 

Figure 3- 21 RT-PCR of RNA from duodenal single cells for GPR93. 

w¢πt/w ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ƳƻǳǎŜ Dtw93 primers to detect GPR93 mRNA in the 

ŘǳƻŘŜƴǳƳ ŜǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎΦ у˃ƭ ǇǊƻŘǳŎǘ ŀƴŘ р˃ƭ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴ м҈ 

agarose gel stained with ethidium bromide. A band between 500bp and 600bp can be 

seen on gel which correlating the predicted product size of 572bp. No product was 

apparent in RT minus control. Typical of 3 reactions. 
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Figure 3- 22 RT-PCR of RNA from duodenal single cells for GPR131. 

w¢πt/w ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ƳƻǳǎŜ Dtw131 primers to detect GPR131 mRNA in the 

duodenum eǇƛǘƘŜƭƛŀƭ ŎŜƭƭǎΦ у˃ƭ ǇǊƻŘǳŎǘ ŀƴŘ р˃ƭ ƭƻŀŘƛƴƎ ōǳŦŦŜǊ ǿŜǊŜ ƭƻŀŘŜŘ ƻƴ мΦр҈ 

agarose gel (0.3g agarose and 0.3g nusieve GTG® agarose (camrex) wear melted in 40ml 

TAE buffer) stained with ethidium bromide. Product of 245bp is visible on the gel. No 

product was apparent in RT minus control. Typical of 3 reactions. 

 

3.5 Establishing Primer Sets for Blood Contaminant Markers 

PCR were carried out using cDNA from mouse spleen as template to 

optimise primers designed for mouse CD3 (Genbank Accession number 

NM_ NM_013487.3) and mouse CD14 (Genbank Accession number 

NM_009841.3). In figure 3-23, expected products size can be seen (489bp 

for mouse CD3 and 420bp for mouse CD14) on the 1% agarose gel. Some 

unintended bands were also observed. The size of a nonspecific band 

yielded from CD3 primers was between 700bp and 800bp and the other 

nonspecific band was between 1600bp and 2000bp. The sequence of both 

forward and reverse primers was inputted in the nucleotide blast and 

primer blast to determine the potential product from splice variants. A 
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904bp potential product was found on Mus musculus InaD-like (Drosophila) 

(Inadl), transcript variant 1, mRNA (NM_172696.2). No product of related 

size was found between 1600 and 2000. The unintended band may due to 

mispriming. The size of one nonspecific band in the reaction using CD14 

primers was ~1000bp and the other nonspecific band was between 200bp 

and 300bp. The sequence of both forward and reverse CD14 primers was 

inputted in the nucleotide blast and primer blast to determine the 

potential product from splice variants. A 253bp and a 259bp potential 

products were found on Mus musculus mixed lineage kinase domain-like 

(Mlkl), mRNA (NM_029005.2). A 979bp potential product was found on 

Mus musculus asparagine-linked glycosylation 1 (beta-1,4-

mannosyltransferase) (Alg1), mRNA (NM_145362.2). 

 

Figure 3- 23 RT-PCR for CD3 and CD14 for spleen cDNA. 
Products using mouse spleen cDNA as template to amplify mouse CD3 and CD14 were 

loaded on 1% agarose gel stain with ethidium bromide. Both primer sets of mouse CD3 

and CD14 generated several bands. Predicted ǎƛȊŜ ƻŦ ƳƻǳǎŜ /5оʵ όпуфōǇύ ŀƴŘ ƳƻǳǎŜ 

CD14 (420bp) were observed on the gel. Some secondary bands were also observed. 

The position of size marker (Hyperladder II, Bioline) is shown on the left in base pairs 

Typical of 2 reactions. 
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In order to determine the potential blood cell contaminant in samples of 

single cells isolated from mouse duodenum, RT-PCR were carried out using 

cDNA from mouse duodenum single as template to amplify mouse CD3 

and CD14. Size expected were 489bp for mouse CD3 and 420bp for mouse 

CD14. No product was observed to be amplified (Figure3-24). These results 

indicated there was no detectable blood contaminant in the mouse 

duodenum single cells sample as determined by PCR results. 

 

Figure 3- 24 RT-PCR of cDNA from mouse duodenal single cells for CD3 and CD14. 

PCR products using cDNA from mouse duodenum single cells as template to amplify 

mouse CD3 and CD14 were loaded on 1% agarose gel stain with ethidium bromide. Run 

at 70V for 1h. Expected sizes of product are 489bp for CD3 and 420 bp for CD14 .No 

signal was visible. The position of size marker (Hyperladde II, Bioline) is shown on the 

left in base pairs. Typical of 3 reactions 
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3.6 Discussion 

Positive control RT-PCR was successfully undertaken for six of the eight 

proposed targets namely GPR40, GPR120, GPR41, GPR43, GPR84 and 

GPR119. In the analysis of duodenum single cells, expression of all the 

eight target receptors were detected. Table 3-1 shows a summary of the 

RT-PCR. 

 

 

In RT-PCR result, GPR40, GPR120, GPR41, GPR43, GPR119, GPR84 were find expression 

in the published tissue cDNA as the positive control. No PCR product was detected for 

GPR93 and GPR131 in the control tissue. All 8 target GPCRs were find expression in 

mouse duodenal cDNA. PCR amplicons of GPR40, GPR120, GPR41, GPR34, and GPR119 

were sequenced at University of Manchester Sequencing Core Facility (Sykaras et al, 

2012). 

Receptor 
Control 

tissue 
Duodenal cells cDNA Sequencing of PCR amplicon 

GPR40 + + (Sykaras et al, 2012) 

GPR120 + + (Sykaras et al, 2012) 

GPR41 + +(nonspecific band observed) (Sykaras et al, 2012) 

GPR43 + +(nonspecific band observed) (Sykaras et al, 2012) 

GPR119 + + (Sykaras et al, 2012) 

GPR84 + + - 

GPR93 - + - 

GPR131 - + - 

Table 3- 1 Summary of RT-PCR result of target GPCRs. 
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GPR40 is a G protein-coupled receptor activated by long-chain fatty acids 

(Itoh et al, 2003). mRNA encoding GPR40 has been reported to be present 

in pancreas of mouse, rat and human (Briscoe et al 2003; Itoh et al, 2003). 

In the current study, GPR40 was confirmed to be expressed in mouse 

pancreas in RT-PCR using RNA from mouse pancreas as the positive control. 

 

GPR41 is activated by short-chain fatty acids (Brown et al, 2003). GPR41 

mRNA was detected highly in brain and lung in rat tissue (Bonini et al, 

1997). In human, adipose tissue has the greatest level of GPR41 mRNA 

expression. GPR41 expression can also be found in bone, visceral organs, 

and brain and peripheral blood mononuclear cells by Taqman RT-PCR 

(Brown et al, 2003). Mouse brain or mouse colon acted as control tissues 

to develop and optimise a GPR41 primer set. RT-PCR analysis of RNA 

extracted from these tissues resulted in amplification of several different 

sized products. A signal representing the predicted amplicon was observed. 

The products generated were not the predicted size and thought to be the 

result of mispriming. 

 

According to Brown et al (2003), Le Poul et al (2003) and Nilsson et al 

(2003), GPR43 mRNA is expressed in human spleen and many other 

immune cells such as neutrophils, monocytes, peripheral blood 

mononuclear cells, B-lymphocytes, and polymorph nuclear cells in human. 
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In my previous PCR using mRNA extracted from mouse spleen, no product 

was detectable. Using the mouse colon tissue as the positive control, 

bands of the predicted size were observed. In the analysis of mouse 

duodenum cells, primers of mouse GPR43 gave the predicted size 

amplicon of GPR43 product. It indicates GPR43 mRNA may not present in 

mouse spleen, but is present in duodenal cells. These PCR products were 

also characterized by Sykaras et al. 

 

The primers designed to amplify GPR93 gave the correct size product in 

RT-PCR using cDNA from mouse duodenum cells. It indicates GPR93 mRNA 

is present in mouse duodenal cells. In contrast, RT-PCR failed to detect 

mouse GPR93 in mouse jejunum. Previously, GPR93 was detected in 

mouse intestine using semi quantitative PCR with 18S as an internal 

control (Choi et al, 2007a). My finding indicates that GPR93 is present in 

duodenum, but not in jejunum. When activated by protein hydrolysate, 

GPR93 will induce CCK release from STC-1 cells (Choi et al, 2007b).  

 

Several studies have reported the tissue distribution of GPR119 expression 

using quantitative real-time PCR or hybridization analysis and have shown 

that GPR119 was present in pancreas (Bonini et al., 2001; Jones et al, 2004; 

Soga et al 2005; Chu et al, 2007).But, RT-PCR failed to detect GPR119 in 

mouse pancreas in my current study. However, the primer sets worked well 
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on mouse duodenum single cells, yielding a clear band of the correct size. 

It indicates GPR119 mRNA is present in mouse duodenal cells.  

 

The present study also showed GPR120 mRNA is present in mouse lung 

(positive control) and duodenal cells. It confirms the observation that 

mRNA encoding GPR120 is present in lung and intestine in mouse and 

human tissue by doing real-time RT-PCR (Hirasawa et al, 2005). 

 

The activation of bile acid receptor GPR131 is proposed to affect 

macrophage functions. The high expression of GPR131 was found in 

human placenta and spleen but the mRNA level of GPR131 was very low 

in the rat and mouse (Kawamata et al., 2003). This may be the reason of 

the failure of detecting the GPR131 in mouse spleen tissue.  

 

The primer sets for GPR40, GPR41, GPR43, GPR84, GPR93, GPR119, 

GPR120 and GPR131 mostly worked well. For the reactions that worked, 

cDNA encoding these targets were detected in duodenal cells. There were 

some secondary bands observed in PCR amplified GPR41 and GPR43. They 

were possible alternative splice variants or products generated due to 

mispriming. The conditions of PCR could be further modified in order to 

get rid of mispriming. 
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It is unclear why the reactions for GPR93 or GPR131 failed to work on 

positive control (Colon for GPR93, spleen for GPR131). The positive control 

ƻŦ Dtwфо ǿŀǎ ŎƘƻǎŜƴ ŀŎŎƻǊŘƛƴƎ ό/Ƙƻƛ Ŝǘ ŀƭΣ нллсύΦ IƻǿŜǾŜǊΣ /ƘƻƛΩǎ ƎǊƻǳǇ 

detected the GPR93 in rat intestine and the most abundant expression was 

in duodenum with a decrease toward the colon. The different animal and 

the low amount of template may cause the result of the lack of PCR 

product in the current work. 

 

One of the main shortfall of the work in this chapter is the sequencing of 

RT-PCR amplicons are not performed because the time limit. However, 

expression study of GPR40, GPR120, GPR41, GPR43, and GPR119 was 

carried out by my colleague using identical primer sets, and these PCR 

amplicons were sequenced and found to correspond to the proposed 

(Sykaras et al, 2012). 

 

In conclusion, methods were developed to amplify cDNAs encoding key 

nutrient sensors thus paving the way for analysis to ascertain whether 

these targets are expressed in CCK expressing cells. 
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4 EXPRESSION OF FATPS IN MOUSE DUODENAL EPITHELIUM 

CD36 and fatty acid transport proteins play important roles in fatty acid 

sensing and uptake. Direct studies of the expression of CD36 and FATPs in 

native CCK cells are limited due to the diffuse and sparse distribution of 

CCK cells and their relatively indistinct morphology. In my project, 

transgenic mice expressing enhanced green fluorescent protein (eGFP) 

under the control of the CCK promoter enabled the fluorescent activated 

cell sorting (FACS) to sort the CCK positive and CCK negative cells. RNA was 

successfully extracted from 7500 purified duodenal CCK cells sorted by the 

FACS machine. Non-CCK cells were also sorted for comparison. An 18S 

rRNA loading control was included to make certain the equal amount of 

cDNA was used to carry on the further RT-PCR (Figure4-1). Expression of 

FATPs and CD36 at the mRNA level was studied using these enriched CCK 

cell population. 

 

4.1 Primer Optimisation 

Primer sets for FATP1-6 and CD36 were tested and optimised with various 

control tissues. RT-PCR reactions were carried out using RNA isolated from 

mouse brain, kidney cortex, testis, duodenal mucosa and heart.  

A band corresponding to the predicted PCR product size (174bp) for FATP1 
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(Figure 4-2) was observed in the control cDNA (mouse brain) sample and 

no other bands were present. In figure 4-5, PCR of mouse kidney cDNA 

with FATP2 primers yielded only a band of ~170bp which corresponded to 

the predicted size expected of 168bp. The FATP3 primers used in mouse 

testis cDNA amplified a product ~340bp (Figure 4-8) that corresponded to 

the predicted size (339bp). Using the FATP4 primer set a product between 

150bp and 175bp was amplified from mouse duodenal mucosa cDNA. This 

band corresponded to the predicted PCR product size of 160bp (Figure4-

9). FATP5 primers were tested using mouse testis cDNA, multiple bands 

were produced: the expected band lies between 500bp and 600bp, and 

corresponded to the predicted size of 530bp (Figure 4-12). PCR of FATP6 

primer set on control cDNA (mouse heart) yielded a band of ~500bp which 

corresponded to the predicted size of 483bp (Figure 4-13). RT-PCR of 

mouse duodenal mucosa with CD36 primers yielded a band ~200bp, the 

band corresponds the predicted size of 208bp for CD36 (Figure 4-16). 

 

4.2 Expression of FATPs in Sorted EEC Cells and cDNA Library 

The mRNA transcripts encoding FATP1 and FATP6 were found in only eGFP 

negative cells while the FATP2, FATP4 and CD36 were found both in eGFP 

positive and negative cells, but were enriched in eGFP negative cells. For 

FATP3 and FATP5, mRNA expression was found neither in the eGFP positive 
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nor eGFP negative cells. 

Figure 4-3 shows the PCR result of FATP1 in GFP positive and GFP negative 

cells: A band was amplified by the FATP1 primers with eGFP negative cells 

while no product was observed with the eGFP positive cells. Bands of 

predicted size for FATP2 primers were observed both in eGFP positive and 

negative cells. The band given by eGFP negative cells was ~2 times stronger 

than the band given by GFP positive cells (Figure 4-6). Neither GFP positive 

nor GFP negative cells gave detectable product of FATP3 (Figure 4-8). Bands 

with predict size of FATP4 primers were observed both in eGPR positive 

and negative cells. The band given by eGFP negative cells was ~2 times 

stronger than the band given by eGFP positive cells (Figure 4-10). Neither 

GFP positive nor GFP negative cells gave detectable product of FATP5 in 

more than 3 reactions (Figure 4-12). A band was amplified by the FATP6 

primers with GFP negative cells while no product was observed with the 

GPR positive cells (Figure 4-14). Bands with predict size of CD36 primers 

were observed both in eGPR positive and negative cells. The band given by 

eGFP negative cells was ~2 times stronger than the band given by eGFP 

positive cells (Figure 4-17) 

 

Due to the small amount of mRNA isolated from FACS sorted cells few 

replicate reactions could be performed, therefore an amplified cDNA 
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library from sorted eGFP positive and eGFP negative RNA was constructed 

by Dr Sykaras in our laboratory. This library enabled further RT-PCR analysis 

of I cell transcriptome. RT-PCR was performed on all the FATPs and CD36 

using the cDNA library. The RT-PCR with cDNA library confirmed the 

previous finding of the FATP1 (Figure 4-4) and FATP6 (Figure 4-15) present 

in eGFP negative cells while the FATP2 (Figure 4-7) present in both eGFP 

positive and eGFP negative cells with a more enrichment in eGFP negative 

cells. However, the expression of mRNA transcripts encoding the FATP4 

(Figure 4-11) and CD36 (Figure 4-18) were found only in eGFP negative cells 

which conflicts the previous RT-PCR result with the sorted cells mRNA. 

 

Figure 4- 1 Normalization of mouse duodenal eGFP positive and eGFP negative cell 

cDNA library. 

PCR of mouse duodenal GFP positive (GFP+) and GFP negative (GFP-) cell library cDNA 

using 18s primers. Products were run at 90V on a 1.5% agarose gel stained with 

ethidium bromide against Hyperladder V. eGFP+ and eGFP- gave bands of equal 

intensity indicating that the priming amount of cDNA was equal. Typical of three 

reactions. 
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Figure 4- 2 Control RT-PCR targeting FATP1 performed on mouse brain RNA. 

RT-PCR products were run at 90V on a 1.5% agarose gel stained with ethidium bromide 

against Hyperladder IV. The FATP1 primers amplified a product of ~170bp from mouse 

brain cDNA. The predicted size for FATP1 using the FATP1 primer set was 174bp. Typical 

of three reactions. 

 

 

Figure 4- 3 FATP1 mRNA was detected in eGFP negative mouse duodenal cells. 

RT-PCR products were run at 70V on a 1.5% agarose gel stained with ethidium bromide 

against Hyperladder IV. FATP1 primers produced a band of the predicted size for FATP1 

at ~170bp (predicted size = 174bp) in eGFP- cells. No band was visible in the GFP+ lane. 

Typical of three reactions. 
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Figure 4- 4 FATP1 mRNA was detected in eGFP negative mouse duodenal cell cDNA 

library. 

RT-PCR products were run at 90V on a 1.5% agarose gel stained with ethidium bromide. 

The molecular weight marker was Hyperladder V. It can be seen the FATP1 primers 

amplified a band of the predicted product size (174bp) in GFP- cDNA. No band was 

detected in the GFP+ mouse duodenal cell cDNA library lane. Typical of three reactions. 

 

 
Figure 4- 5 Control RT-PCR targeting FATP2 performed on mouse kidney RNA. 

RT-PCR products were run at 90v on a 1.5% agarose gel stained with ethidium bromide 

against Hyperladder IV. The FATP2 primers amplified a product of ~170bp from mouse 

kidney cDNA. The predicted size for FATP2 using the FATP2 primer set was 168bp. 

Typical of three reactions. 
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Figure 4- 6 FATP2 mRNA was detected in both eGFP positive and eGFP negative 

mouse duodenal cells. 

RT-PCR products were run at 70V on a 1.5% agarose gel stained with ethidium bromide 

against Hyperladder IV. FATP2 primers produced bands of the predicted size for FATP2 

at ~170bp (predict size=168bp) in both eGFP+ and eGFP- cells. The signal given by the 

GFP- cells was stronger than the band in GFP+ lane. Typical of three reactions. 

 

Figure 4- 7 FATP2 mRNA was detected in both eGFP positive and eGFP negative 

mouse duodenal cell cDNA library. 

RT-PCR products were run at 90V on a 1.5% agarose gel stained with ethidium bromide. 

The molecular weight marker was Hyperladder V. It can be seen the FATP2 primers 

amplified bands of predicted product size (168bp) in both eGFP+ and GFP- cDNA library 

lanes. The signal given by the eGFP- cells was ~5 times stronger than the signal in GFP+ 

lane. Typical of three reactions. 
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Figure 4- 8 Control RT-PCR targeting FATP3 performed on mouse testis RNA. 

FATP3 was not detected in either eGFP+ or eGFP- cells RT-PCR products were run at 

90V on a 1.5% agarose gel stained with ethidium bromide against Hyperladder IV. The 

FATP3 primers amplified a product of ~340bp from mouse testis cDNA. The predicted 

size for the FATP3 amplicon was 339bp. No band was visible in either eGFP+ or eGFP- 

cells. Typical of three reactions. 

 
 

Figure 4- 9 Control RT-PCR targeting FATP4 performed on mouse duodenal mucosa 

RNA. 

RT-PCR products were run at 90V on a 2% agarose gel stained with ethidium bromide 

against Hyperladder V. The FATP4 primers amplified a product between 150bp and 

175bp. The predicted size for FATP4 using the FATP4 primer set was 160bp. Typical of 

three reactions. 
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Figure 4- 10 FATP4 mRNA was detected in both eGFP positive and eGFP negative 

mouse duodenal cells. 

RT-PCR products were run at 90V on a 1.5% agarose gel stained with ethidium bromide 

against Hyperladder IV. FATP4 primers produced bands of the predicted size for FATP4 

at ~150bp (predict size=160bp) in both eGFP+ and eGFP- cells. The signal given by the 

GFP- is ~2 times stronger than the band in eGFP+ lane. Typical of three reactions. 

 

Figure 4- 11 FATP4 mRNA was detected in eGFP negative mouse duodenal cell cDNA 

library. 

RT-PCR products were run at 90V on a 1.5% agarose gel stained with ethidium bromide. 

The molecular weight marker was Hyperladder V. against Hyperladder V. It can be seen 

the FATP4 primers amplified a band of the predicted product size (160bp) for the eGFP- 

cDNA library. No band was detected in the eGFP+ mouse duodenal cell cDNA library 

lane. Typical of three reactions. 
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Figure 4- 12 Control RT-PCR targeting FATP5 performed on mouse testis RNA. 

FATP5 was not detected in either eGFP+ or eGFP- mouse duodenal cells RT-PCR 

products were run at 90V on a 1.5% agarose gel stained with ethidium bromide against 

Hyperladder IV. The FATP5 primers amplified a product between 500bp and 600bp (the 

upper band) from mouse testis cDNA. The predicted size for FATP5 was 530bp. A 

nonspecific band of ~400bp was detected (lower band) in mouse testis cDNA. No band 

was visible in either eGFP+ or GFP- mouse duodenal cells lane. Typical of three 

reactions. 

 

Figure 4- 13 Control RT-PCR targeting FATP6 performed on mouse heart RNA. 

RT-PCR products were run at 80V on a 1% agarose gel stained with ethidium bromide 

against Hyperladder V. The FATP6 primers amplified a product of ~500bp from mouse 

heart cDNA. The predicted size for FATP6 using the FATP1 primer set was 483bp. Typical 

of three reactions. 
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Figure 4- 14 FATP6 mRNA was detected in eGFP negative mouse duodenal cells. 

RT-PCR products were run at 70V on a 1.5% agarose gel stained with ethidium bromide 

against Hyperladder IV. FATP6 primers produced a band of the predicted size for the 

FAPT6 amplicon of ~500bp (predicted size = 483bp) in eGFP- cells. No band was visible 

in the eGFP+ lane. Typical of three reactions. 

 

 

Figure 4- 15 FATP6 mRNA was detected in eGFP negative mouse duodenal cell cDNA 

library. 

RT-PCR products were run at 90V on a 1.5% agarose gel stained with ethidium bromide. 

The molecular weight marker was Hyperladder V.  It can be seen the FATP6 primers 

amplified a band of the predicted product size (483bp) in eGFP- cDNA. No band was 

detected in the eGFP+ mouse duodenal cell cDNA library lane. Typical of three 

reactions. 
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Figure 4- 16 Control RT-PCR targeting CD36 performed on mouse duodenal mucosa 

RNA. 

RT-PCR products were run at 90V on a 2% agarose gel stained with ethidium bromide 

against Hyperladder V. The CD36 primers amplified a product of ~200bp from mouse 

duodenal mucosa cDNA. The predicted size for CD36 using the CD36 primer set was 

208bp. Typical of three reactions. 

 

Figure 4- 17 CD36 mRNA was detected in both eGFP positive and eGFP negative 

mouse duodenal cells. 

RT-PCR products were run at 90V on a 1.5% agarose gel stained with ethidium bromide 

against Hyperladder IV. CD36 primers produced bands of the predicted size for CD36 at 

~200bp (predicted size=208bp) in both eGFP+ and eGFP- cells. The signal given by the 

eGFP- cells was ~4 times stronger than the band in eGFP+ lane. Typical of three 

reactions. 
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Figure 4- 18 CD36 mRNA was detected in eGFP negative mouse duodenal cell cDNA 

library. 

RT-PCR products were run at 90V on a 1.5% agarose gel stained with ethidium bromide. 

The molecular weight marker was Hyperladder V. It can be seen the CD36 primers 

amplified a band of the predicted product size (208bp) in eGFP- cDNA. No band was 

detected in the eGFP+ mouse duodenal cell cDNA library lane. Typical of three 

reactions. 

 

 

4.3 Discussion 

Fatty acid transport proteins have been implicated in fatty acid uptake in 

enterocytes (Stahl et al, 1999). It was therefore important to ascertain 

which fatty acid transport proteins were potentially expressed in I cells. 

Since trustworthy antisera for all fatty acid transporters are lacking a RT-

PCR based approach was taken. Primer sets were designed and optimised 

for seven fatty acid transporter mRNAs and these were then used to 

analyse mRNA isolated from I cells. 
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In summary, RT-PCR was successfully undertaken for seven proposed 

targets namely FATP1, FATP2, FATP3, FATP4, FATP5, FATP6 and CD36. 

Table 4-1 shows the RT-PCR results for seven fatty acid transporter mRNAs. 

 

 

All the primer sets yielded predict size bands for positive control tissue cDNA. FATP1 

and FATP6 mRNA was found in GFP- both with sorted cells cDNA and cDNA library. No 

PCR product was detected for FATP3 and FATP5 in the sorted cells or cDNA library. 

FATP2 expression was found in both GFP positive and negative and was ~two times 

enriched in eGFP negative samples. With sorted cells, FATP4 and CD36 expression were 

detected in both GFP positive and negative samples. While with the cDNA library, 

mRNA for FATP4 and CD36 was only detected in GFP negative samples. 

 

A shortfall of the work documental in this chapter is the lack of sequence 

verification of RT-PCR amplicons. This was not performed because of 

limited. For FATP1, FATP2, FATP4 and CD36 primer sets, the sequencing of 

Receptor Control tissue 
Sorted cells cDNA library 

GFP+ GFP- GFP+ GFP- 

FATP1 + - + - + 

FATP2 + + ++ + ++ 

FATP3 + - - - - 

FATP4 + + ++ - + 

FATP5 + - - - - 

FATP6 + - + - + 

CD36 + + ++ - + 

Table 4- 1 Summary of RT-PCR result for target FATPs and CD36. 
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t/w ǇǊƻŘǳŎǘǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀƴŘ ƛǎ ŘƻŎǳƳŜƴǘǎ ƛƴ !ƴǘƘƻƴȅ WŀŎƪǎƻƴΩǎ ǘƘŜǎƛǎ 

(University of Manchester 2007). For the targets not covered in the Jackson 

thesis, despite the finding that the products were of the predicted size 

future work should address the lack of verified sequence. The RT-PCR 

result need to be further confirmed by sequencing. 

Immunohistochemistry and immunocytochemistry is also the candidate 

methodology to carry out further research on FATPs in small intestine. 

 

The results from the work featured in this chapter when taken together 

showed that mRNAs encoding FATP2, FATP4 or CD36 were found expressed 

in eGFP positive samples suggesting that these transporter proteins are 

expressed in I cells. Almost exclusive expression of FATP2 was found in the 

liver and kidney cortex (Stahl et al, 2002). Beside the description of FATP2 

associates the acyl-CoA sythetase activity (Coe et al, 1999; Steinberg et al, 

1999; Dirusso et al, 2005) there is a lack of work detailing functional 

aspects of FATP2. The RT-PCR results from the CCK-eGFP mouse sorted 

cells showed the presence of FATP2 in both enterocytes (eGFP-) and CCK 

cells, and that there was possibly more mRNA present in eGFP- samples. 

Therefore, although it is tempting to conclude that FATP2 is present in I 

cells, given the relatively amounts of mRNA in eGFP+ and eGFP- cells 

further work is required to rule out the possibility of contamination of the 

eGFP+ sample with other cells during sorting. This possibility needs to be 
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addressed in future by immunostaining studies, genetic labelling studies 

or targeted mass spectrometry based proteomics. 

 

FATP4 mRNA was found to be strongly expressed in apical side of 

enterocytes in small intestine and was found responsible for the majority 

of long chain fatty acid uptake (Stahl et al, 1999). The RT-PCR result 

corresponds the finding of expression in enterocytes. However the 

expression of FATP4 in CCK cells may implies novel function of FATP4 in EEC 

cells. As FATP4 was found expressed in the endoplasmic reticulum (Milger 

et al., 2006), it is possibly related to the protein synthesis. A potential 

sensing and hormone expression model for CCK cells and surrounding 

enterocytes is the CCK cells integrate several signals through different 

nutrient sensing receptors and emit a unique response depend on the 

integrated signal to the enterocytes to increase the uptake of fatty acid 

through FATPs to facilitate the hormone expression to help the food 

digestion and absorption. 

 

Besides the FATP4, CD36 was found expressed in enterocytes (Sfeir et al, 

1997). CD36 plays multifunctional role as lipid sensor (Chevrot, et al, 2012) 

and lipid transporter (Coburn et al., 2000; Hajri et al., 2001). The PCR result 

corresponds the previous finding.  
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Expression of FATP1 was found in eGFP negative cells but not in eGFP 

positive cells which indicated that this transport protein was unlikely to be 

present in CCK cells. The RT-PCR carried out with cDNA library confirmed 

the same finding. FATP1 is highly expressed in muscle, adipose tissue and 

heart where the fatty acids are utilised as energy or to be metabolised 

(Hirsch et al., 1998; Schaffer&Lodish, 1994). Insulin reduced fatty acid 

uptake through FATP1 was found in adipocyte (Stahl et al., 2002). Fasting 

increases FATP 1 expression in mouse adipose tissue (Man et al., 1996). 

These evidence indicate FATP 1 is a typical transporter of fatty acid. There 

was no RT-PCR product observe of FATP3 and FATP5 indicate these two 

proteins have no expression in small intestinal cells. FATPs unlikely to be 

present in I cells would be excluded from our future work. 
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CHAPTER FIVE 

RESULTS 
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5 DEVELOPMENT OF METHODS TO FUNCTIONALLY 

CHARACTERISE MOUSE SMALL INTESTINE ENTEROENDOCRINE 

CELLS 

The aim of the work described in this chapter was to develop 

methodologies to isolate, culture and study the function of duodenal CCK 

cells. Following a brief introduction, the experiments performed to 

establish these methodologies are described. 

 

Primary small intestine EEC cells are notoriously difficult to culture in vitro 

and are difficult to study functionally because these cells are diffuse in the 

small intestine and represent less than 1% of small intestinal epithelial cell 

population. In addition, EEC cells have relatively indistinct morphology 

compared to enterocytes rendering it is very difficult to discern EEC from 

non-EEC. Recently, the advent of engineering of transgenic mouse models 

with genes encoding fluorescently labelled proteins driven by gut 

hormone promoters has made it possible to visualize specific subsets of 

native enteroendocrine cells and perform targeted studies toward 

understanding the function of EECs. 
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5.1 A Brief Summary of Current Approaches of Isolation, Culture 

and Function Studies for EECs 

5.1.1 Isolation Methods 

The establishment of a primary culture of enteroendocrine cells is 

essential. There are generally four main methodologies to obtain living 

primary epithelial cells: tissue explant, dissection and trituration, 

chelation digestion and enzymatic digestion (Kaeffer, 2002). To obtain 

single cells for FACS sorting, tissue explant or dissection and trituration 

were deemed unsuitable because the former results in a monolayer and 

the latter method would be too time-consuming. Therefore, either a 

chelation digestion or enzymatic digestion were required to yield viable 

cells in suspension suitable for FACS sorting and functional experiments. 

 

Some groups have achieved the short-term cultures of intestinal cells 

using the non-enzymatic method based on chelation. 

Ethylenediaminetetraacetic acid (EDTA) and dithiotreitol (DTT) were used 

to isolate colon cells from human and mouse (Sträiter et al., 1996; 

Scheving et al., 1998). The crypts were found to keep their morphology for 

about 4 hours. However, both groups found cell morphology was not be 

maintained in overnight cultures. EDTA chelates the Ca2+ and Mg2+ in 

solution and breaks up the tight junction between the epithelial cells. DTT 
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reduces the mucus by breaking disulfide bonds, however at 

concentrations above 10mM EDTA is cytotoxic. Chelation works well at 

low temperature (4°C) and low temperature is a useful attribute because 

it slows cell metabolism during the isolation, but chelation is harmful to 

small intestinal cells in the further culture (Flint et al., 1991). The Aldhous 

group has reported culture of human duodenal epithelial cells for up to 10 

days with collagen membrane using the chelation digestion method 

(Aldhous et al., 2001). More recently, single Lgr5+ stem cells located in the 

crypts of small intestine were isolated from mouse using PBS containing 

2mM EDTA at 4°C. The resultant single Lgr5+ cells were able to expand and 

produce self-organizing epithelial structure as occurs in normal intestine 

during 14 days cultures (Sato et al., 2009).   

 

In a study of enteroendocrine L cell, the Reimann group isolated mouse L 

cells from colon using an enzymatic method utilizing collagenase XI and 

found that a mixed primary culture could be maintained for up to 2 weeks. 

However, primary culture of purified L cells primary culture was 

unsuccessful (Reimann et al., 2008). Kaeffer reported that enzymatic 

digestion preserved the connections between cells, this method was 

reported to produce less disaggregated cell preparations and less damage 

to cells (Kaeffer, 2002). 
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5.1.2 Culture Medium 

Choice of optimal basal medium is of critical importance for the culture of 

the EECs. Basal medium protects the cells against osmotic shock and it 

also maintains the pH balance (Kaeffer, 2002). Dulbecco modified Eagle 

medium (DMEM) was used by Moyer as a basal medium (Moyer, 1983). 

The Mathieu group used both DMEM and HankΩs buffered salt saline 

(HBSS) in the culture of Caco-2 human colon carcinoma cell line which is 

considered to be an appropriate in vitro model system for intestinal 

epithelial cells (Mathieu et al., 1999). 

 

Energy supplies are necessary for the growth of epithelium. The common 

energy sources are glucose (Fleming et al., 1997), glutamine 

(Neermann&Wagner, 1996) and butyrate (Cherbuy et al., 1995). 

 

The Paraskeva group studied the growth- promotion properties of fetal 

calf serum (Paraskeva and Williams, 1992). However, the Chopra group 

found the fetal calf serum of 10-15% concentration is cytotoxic for colonic 

cells isolated from suckling rats (Chopra & Yeh, 1981). 
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5.1.3 Microenvironments of EECs 

Another factor that must be taken into account is that epithelia cells are 

renewed very quickly. This renewal depends on the continuous 

proliferation and differentiation of cells (Kaeffer, 2002). These cells 

associated with fibroblasts are called endodermal structural-proliferative 

units (Slack, 2000). The unit is protected by the surrounding 

microenvironment. The Paneth cell was found to be the niche for 

Lgr5/CBC stem cells (Sato et al., 2011; Li & Clevers, 2012). Once the 

intestinal epithelial cells are detached from each other or from the 

extracellular matrix (ECM), the programmed cell death termed ΨanoikisΩ 

starts (Frisch &Francis, 1994). This attribute represents the main difficulty 

in primary culture of intestinal cells. Several groups have achieved some 

success by growing cells mixed with Matrigel (Lang et al., 2001; Lang et al., 

2006; Sato et al., 2009). Matrigel is a gelatinous protein mixture resembles 

the extracellular environment and enables cultures to remain viable for a 

longer time and maintain better morphology. 

 

5.1.4 Functional Study of EECs Using Calcium Imaging 

The extracellular calcium sensing receptor (CaSR) is involved in hormone 

secretion and regulation of plasma calcium levels (Conigrave & Brown, 

2006). Several studies indicate that dietary protein induced CCK secretion 
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by activating CaSR in CCK cells (Conigrave et al., 2000; Wang et al., 2011). 

²ŀƴƎΩǎ ƎǊƻǳǇ ƭƻŀŘŜŘ ǘƘŜ //Y ŎŜƭƭǎ ǿƛǘƘ ŀ ŎŀƭŎƛǳƳ ǎŜƴǎƛǘƛǾŜ ŘȅŜΥ ·-Rhod-

1. Subsequent application of 10mM Phenylalanine was found to 

significantly increase the intracellular calcium ([Ca2+]i) in CCK cells (Wang 

et al., 2011). 

 

ReimaƴƴΩǎ ƎǊƻǳǇ ǎƘƻǿŜŘ ώ/ŀ2+]i elevation in response to 10mM glucose in 

primary cultured L-cells. Cells were loaded with fura-2, a UV light-excitable 

calcium indicator. Fura-2 bound to [Ca2+]i is excited at 340nm, whereas 

unbound fura-2 is excited by 380nm light. The increase of 340/380 ratio 

indicated the increase of intracellular calcium hence indicated L cells 

respond to glucose (Reimann et al, 2008). 

 

In this chapter, experiments were performed to develop the 

methodologies for isolation, primary culture and function study of CCK 

cells. Answers to the following questions were sort: 

 

1) Which cellular dissociation method produces more viable single cells? 

2) Is HBSS or DMEM the better solution to keep the cell healthier for the 

culture work? 

3) Is serum necessary in the process of cell isolation? 
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4) What is the best adhesion matrix for the following culture to enable 

calcium imaging work? 

5) Is it possible to optimize Fura-2 loading conditions for the CCK cells? 

5.2 Comparison of DTT-EDTA and Collagenase Cell Isolation Protocol 

The aim of the following experiments was to compare DTT-EDTA based 

dissociation method with the enzyme based collagenase method. Mouse 

duodenal cells were dissociated in two separate experiments using either 

dithiothreitol (DTT) together with EDTA or collagenase IX. Viability 

(percentage of live cell) was assessed by Hoechst and propidium iodide (PI) 

staining after 4h of the isolation. Under each condition, 8 preparations 

were made, cell samples were seeded on coverslips and viewed under 

microscope. Total cell number was counted as the blue cells stained with 

Hoechst. Dead cells were stained red by PI. The viability was calculated 

using the following eqution:  

Viability= (1-red/blue) x100.  

After 4 hours of isolation, the viability of cells prepared using the DTT-

EDTA method was 17.28% ±6.17% (n=8) compared to cells prepared using 

collagenase was 84.98%±3.35 % (n=8). The collagenase protocol therefore 

gave a higher viability then the DTT-EDTA method. Additionally, as shown 

in the figure5-1 and figure 5-2, cells dissociated with DTT-EDTA protocol 

were clumpy and no eGFP cells were observed while cells dissociated 
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using the collagenase protocol were more dispersed and eGFP cells (green) 

were observed. In addition, eGFP cells were not PI stained which indicated 

that they were alive. 
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Hoechst staining PI Staining Merge 

   

   

   

   

Figure 5- 1 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells following the DTT-EDTA protocol after 4h culture 

The isolated CCK-eGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) visualized using fluorescent microscopy (magX200). 

Purple cells were stained both Hoechst and PI (right panel). The scale bar is 50 m˃. 
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Hoechst staining PI Staining Merge 

   

   

   

   

Figure 5- 2 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells following the collagenase protocol after 4h culture. 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (magX200). 

Purple cells represent cells that stained both Hoechst and PI (right panel).GFP cells 

(green) can be seen in the blue, red and green channel merged pictures (right panel). 

The scale bar is 50 m˃. 
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5.3 Comparison of Cell Viability in HBSS or DMEM Isolation Solution 

of Different Time Point 

HBSS with 2mM HEPEs and 5mM glucose (pH 7.4) or original DMEM, 

without pH adjustment, taken directly from bottle were applied in this 

comparison experiment. Both of HBSS and DMEM had pH indicator in the 

medium. The DMEM utilizes a sodium bicarbonate buffer system. Cell 

viability was measured separately at 5 time point. During the 4h 

experimental period, all cell samples were kept in 37°C incubator with 5% 

CO2. At 0 hour time point, cells were stained immediately after the 

collagenase dissociation, then every hour. At each time point, cell sample 

on 5 different coverslips were viewed under a microscope. Hoechst 

stained and PI stained cells were counted. 

 

The viability of two different isolation solutions is shown in Table 5-1. Two- 

way ANOVA was carried out to determine the significantly difference of 

viability value. Factors are time and medium. Ftime>F0.05 (1, 40), Fmedium>F0.05 

(1, 40), so P<0.05. At 0h time point, DMEM gave a slightly higher viability, 

however at the time point afterward, cells survived better in HBSS than 

cells in DMEM. HBSS was considered a better solution than DMEM to use 

in further experiments. 
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Representative fluorescent micrographs (Figure5-3 to Figure5-12) show 

the Hoechst and PI stained cells under each time point in the two medium. 

 

 HBSS DMEM 

0h 91.45% ± 1.87% 94.35%.±1.67% 

1h 94.82% ± 3.68%  74.40%±2.01% 

2h 85.41%±2.46% 56.62%±4.98 

3h 83.57%±2.49% 10.47%±2.13 

4h 78.57%±4.35% 2.45%±2.28% 

Table 5- 1 Comparison of the viability of isolated mouse duodenal single cells, as 

assessed by Hoechst and PI staining following, maintained in either HBSS or DMEM 

5 time points in 4h (mean± SEM, n=5). 
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Figure 5- 3 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using HBSS in at the first time point (0h) 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag 

X200). Purple cells represent cells that stained both Hoechst and PI (right panel). The 

scale bar is 50 m˃. 
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Figure 5- 4 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using DMEM at the first time point (0h). 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag 

X200). Purple cells represent cells that stained both Hoechst and PI (right panel). The 

scale bar is 50 m˃. 
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Figure 5- 5 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using HBSS at the second time point (1h) 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag X200). 

Purple cells represent cells that stained both Hoechst and PI (right panel). The scale bar 

is 50 m˃. 

 

 



155 
 

Hoechst staining PI Staining Merge 

   

   

   

   

Figure 5- 6 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using DMEM at the second time point (1h) 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag 

X200). Purple cells represent cells that stained both Hoechst and PI (right panel). The 

scale bar is 50 m˃. 
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Figure 5- 7 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using HBSS at the third time point (2h) 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag 

X200). Purple cells represent cells that stained both Hoechst and PI (right panel). The 

scale bar is 50 m˃. 
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Figure 5- 8 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using DMEM at the third time point (2h) 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag 

X200). Purple cells represent cells that stained both Hoechst and PI (right panel). The 

scale bar is 50 m˃. 
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Hoechst staining PI Staining Merge 

   

   

   

   

Figure 5- 9 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using HBSS at the fourth time point (3h) 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag 

X200). Purple cells represent cells that stained both Hoechst and PI (right panel). The 

scale bar is 50 m˃. 
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Figure 5- 10 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using DMEM at the fourth time point (3h) 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag 

X200). Purple cells represent cells that stained both Hoechst and PI (right panel). The 

scale bar is 50 m˃. 
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Figure 5- 11 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using HBSS at the fifth time point (4h) 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag 

X200). Purple cells represent cells that stained both Hoechst and PI (right panel). The 

scale bar is 50 m˃. 
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Figure 5- 12 Representative fluorescent micrographs showing Hoechst and PI staining 

of duodenal cells using DMEM at the fifth time point (4h) 

The isolated CCK-EGFP mouse duodenal single cells stained blue by Hoechst (left panel) 

and red by PI (middle panel) can be visualized using fluorescent microscopy (mag 

X200). Purple cells represent cells that stained both Hoechst and PI (right panel). The 

scale bar is 50 m˃. 
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5.4 Comparison of HBSS with and without FBS 

To determine whether serum is necessary in the cell isolation and culture 

process. Two separate isolation and culture experiments were carried out 

using HBSS (pH 7.4) containing 2mM HEPES, 5mM glucose and 

supplemented with or without FBS. After 4 hours, Hoechst and PI were 

added to assess the viability. Cell samples were seeded on to 4 slides of 

coverslips under each condition. Figure 5-13 shows the representative 

fluorescent micrographs of Hoechst and PI staining of mouse duodenal 

cells isolated and cultured in HBSS with FBS while figure 5-14 shows the 

cells isolated and cultured in HBSS without FBS. 

 

As figure 5-15 shows, the mean percentage of viable cells using HBSS with 

5% FBS was 66.01% ±10.21% (n=4) while the method without FBS was 

65.52% ±9.58% (n=4). A t-test was carried on to determine if the two 

viability data under the conditions of with or without FBS were 

significantly different from each other. The t value was 0.115, meaning 

that there was no significant difference between HBSS with or without 

serum and suggests that FBS is not necessary for the viability of mouse 

duodenal cell isolation and short term culture. 
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Figure 5- 13 Representative fluorescent micrographs showing Hoechst and PI 

staining of duodenal cells using HBSS with 5% FBS. 

The cells stained blue by Hoechst (left panel) and red by PI (middle panel) can be 

visualized using fluorescent microscopy (magX200). Purple cells represent cells that 

stained both Hoechst and PI (right panel). The scale bar is 50 m˃. 
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Figure 5- 14 Representative fluorescent micrographs showing Hoechst and PI 

staining of duodenal cells using HBSS without FBS. 

The cells stained blue by Hoechst (left panel) and red by PI (middle panel) can be 

visualized using fluorescent microscopy (magX200). Purple cells represent cells that 

stained both Hoechst and PI (right panel). The scale bar is 50 m˃. 
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Figure 5- 15 Percentages viability of cells isolated with and without FBS. 

The mean values of viability for both conditions were calculate and showed on the bar 

(mean ±SEM, n=4).  

 

5.5 Optimisation of Cell Adhesion Matrix  

The enteroendocrine cells have a tendency not to adhere to cell culture 

plastic ware. It is difficult to perform imaging experiments on non-adhered 

cells. To determine the best adhesion matrix to mimic the cell 

microenvironment, three different cell adhesion methods were carried 

out to determine which one was best to improve cell adherence. Glass 

bottomed 96 wells culture plates were treated separately with Poly-L-

Lysine, Cell-Tak or Matrigel. Isolated mouse duodenal cells in HBSS (7.4) 

with 2mM HEPES and 5mM glucose were added to the treated wells. After 

4h of culture at 37°C with 5% CO2, old medium was removed and fresh 

medium was added by pipette. In wells treated with Poly-L-Lysine, 
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18.9%±8.1% (n=3) of the initially seeded cells had adhered to the well; 

wells treated with Cell-Tak had 25.8%±4.4 (n=3) adherent cells and for 

wells treated with Matrigel, 57.3% ±5.2% (n=3) cells remained. Matrigel 

was therefore the most effective matrix of the three trials to promote cell 

adherence. Very few cells remained following media removal and addition 

when cells were seeded on poly-L-lysine (Figure-5-16). Figure 5-17 shows 

the Hoechst stained mouse duodenal cells seeded onto a Cell-Tak treated 

plate before and after the old medium was removed. Some cell clump was 

observed on the plate. Figure 5-18 shows the Hoechst stained mouse 

duodenal cells adhesive on Matrigel treated plate before and after the old 

medium was removed. More single cells were observed. 

Before                                  After 

  

Figure 5- 16  Representative fluorescent micrographs showing Hoechst staining 

duodenal cells adhesive on the bottom of the 96-well glass bottom plates treated 

with poly-L-lysine. 

Hoechst staining of cells adherent to the bottom of the plate before the culture 

medium was removed can be seen on the left panel. The right panel shows the cells 

remained after the culture medium was replaced. 
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Before                                  After 

  

Figure 5- 17 Representative fluorescent micrographs showing Hoechst staining 

duodenal cells adhesive on the bottom of the 96-well glass bottom plates treated 

with Cell-Tak.  

Hoechst staining of cells adherent to the bottom of the plate before the culture 

medium was removed can be seen on the left panel. The right panel shows the cells 

remained after the culture medium was replaced. 

 

 

Before                                  After 

  

Figure 5- 18  Representative fluorescent micrographs showing Hoechst staining 

duodenal cells adhesive on the bottom of the 96-well glass bottom plates treated 

with Matrigel 

Hoechst staining of cells adherent to the bottom of the plate before the culture 

medium was removed can be seen on the left panel. The right panel shows the cells 

remained after the culture medium was replaced. 
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5.6 Optimisation of Fura-2 Loading Condition 

To measure changes in intracellular calcium it is common practice to use 

ion sensitive dyes. The optimal loading conditions of mouse duodenal cells 

with fura-2 were determined to enable Ca2+ imaging experiments. 

Variables that were considered to affect the optimal loading of the cells 

were: 1) length of the loading period, 2) loading temperature, 3) 

concentration of fura-2 and 4) loading with or without the probenecid and 

pluronic acid F127. Experiments were performed to assess the 

effectiveness of cell loading at room temperature and 37°C, loading times 

were 20min, 30min and 45min. The concentrations of fura-2 tested were 

5 M˃, 7˃ M and 10˃ M. Fluorescent values of loaded cells at 340nm were 

recorded on screen using Meta Fluor software (n=5). Figure 5-19 shows 

the mean value and the SEM of fura-2 intensity under different conditions. 

The loading conditions of 7˃M fura-2, 2˃ M pluronic F127 and 10˃M 

probenecid, loading at room temperature for 30min gave the highest 

fluorescence value. The condition therefore considered to be the optimal 

loading condition in the further imaging experiments. 
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A

 

B 

 

Figure 5- 19 Intensity of fura-2 fluorescence with different loading condition 

A: Fluorescence values resulting from different loading period: 20 min, 30min and 

прƳƛƴ ǳǎƛƴƎ р˃a ŦǳǊŀ-нΦ ²ƛǘƘ ŀƴŘ ǿƛǘƘƻǳǘ мл˃a ǇǊƻōŜƴŜŎƛŘ B: Fluorescent values 

ǊŜǎǳƭǘƛƴƎ ŦǊƻƳ ŘƛŦŦŜǊŜƴǘ ƭƻŀŘƛƴƎ ǇŜǊƛƻŘΥ ол ƳƛƴΣ ŀƴŘ прƳƛƴ ǳǎƛƴƎ т˃a ŦǳǊŀ-2 with and 

ǿƛǘƘƻǳǘ мл˃a ǇǊƻōŜƴŜŎƛŘ. The value labelled on the bar are the mean values of the 

intensity of fura-2 fluorescence (mean ± SEM, n=5).  
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5.7 Do Loaded Duodenal Cells Respond to Ionomycin? 

Calcium imaging experiments were carried out to determine the response 

to ionomycin. If cells were found to respond ionomycin could then be used 

as a positive control response for future function experiments of CCK-

eGFP cells. The preoptimised loading conditions were 7 M˃ fura-2, 2˃ M 

pluronic F127 and 10˃M probenecid, loading at room temperature for 

30min. Due to the problem of the cell adhesion (see details in discussion 

chapter), the ionomycin response of the fura-2 loaded eGFP positive cells 

was only successfully observed and record twice among over 10 imaging 

experiments (n=2). A rapid increase in the ratio of 340nm/380nm can be 

observed which indicated the influx of calcium and response of the 

duodenal cell to the ionomycin. 
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Figure 5- 20 Ionomycin response of CCK cells 

The purple and red lines are represent two separate imaging experiments. In the left 

panel, the solid line represents the fluorescent value of 380nm and the dotted line give 

the value of 340nm. The increase of the ratio of 340nm/380nm can be seen on the 

right panel (n=2). 

 

 

5.8 Summary and Discussion 

5.8.1 towards the Function Study of CCK Cells 

In order to study EEC cells it was necessary to develop a cell isolation and 
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culture method which enable the functional work of CCK cells. Different 

variables in the cell isolation protocol, including isolation agent, solution, 

conditions with or without serum were compared to determine which 

gave more viable cells to subject to functional analysis and FACS sorting. 

Three different cell adhesion matrixes were compared to see which 

rendered cells most adherent. To enable the future calcium imaging work, 

fura-2 loading condition was optimised and the positive control of 

ionomycin response was observed. 

 

5.8.2 Comparison of DTT-EDTA Protocol and Collagenase Protocol 

The cell isolation is an essential step for the downstream culture and 

functional research. There are two main reagents used in the isolation 

procedure: chelation and enzyme. Reimann group has successfully 

cultured GLP secreting EEC L-cells for more than two weeks and 

performed the calcium imaging on these cells with the collagenase cell 

isolation protocol (Reimann et al, 2008). The Sato group cultured the 

leucine-rich G protein-coupled receptor 5 cells for two weeks and sorted 

out cells generated a continuously expanding although 94% of the isolated 

cells died after the EDTA isolation procedure with in 12h (Sato et al, 2009). 

 

In my comparison experiments, the collagenase protocol turned out to be 
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a better isolation protocol for the culture of cells compared to DTT-EDTA 

protocol. It gave healthier cells when subjected to the cell culture 

afterwards. The collagenase protocol also disassociate cells better than 

the DTT-EDTA protocol. 

 

The DTT-EDTA protocol I followed might be too harsh to yield viable cells. 

Dead cells tend to form clumps, thus explaining what the current study 

observed. SatoΩǎ group incubated tissue pieces in 2mM EDTA with PBS for 

30min on ice ό{ŀǘƻ Ŝǘ ŀƭΣ нллфύΦ CƭƛƴǘΩǎ ƎǊƻǳǇ ŦƻǳƴŘ ǘƘŀǘ chelation at 4°C 

was optimal for the biochemical assays, but reported that it gave low 

viability in the small intestinal cell culture (Flint et al, 1991). SträterΩǎ 

ƎǊƻǳǇ ŀƴŘ {ŎƘŜǾƛƴƎΩǎ ƎǊƻǳǇ ŦƻǳƴŘ DTT breaks the disulfide bounds and 

rapidly removes the mucous gel, the cells could not survive in overnight 

culture (Sträter et al., 1996; Scheving et al., 1998). Based on the viability 

following dissociation the collagenase protocol was deemed relatively 

milder than the chelation method, however the enzyme is more sensitive 

to the pH of the solution and the temperature. A further downside is that 

the efficiency and the activity of the collagenase may vary from different 

batches. A modified EDTA dissociation method perhaps using a low 

incubation temperature and no DTT added would be needed to improve 

cell viability. 
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5.8.3 Comparison of Adjusted HBSS and DMEM Isolation Solution 

DMEM has been widely used for intestinal cell culture after it was 

introduced as a baseline medium in 1983 (Moyer, 1983). It contains amino 

acids, salts, glucose and vitamins. 10% FBS is a common supplement of 

DMEM to become a complete medium because there is no proteins or 

growth promoting agents. As the buffer system of DMEM is sodium 

bicarbonate, artificial levels of CO2 is required to prevent the pH going too 

high. DMEM was used as a culture medium in mix primary culture of L cell 

(Reimann et al., 2008). 

 

The main components of HBSS are salt: sodium, potassium, calcium, 

magnesium and chloride. Additional ingredients could be added for cell 

isolation including potassium chloride, disodium hydrogen phosphate, 

potassium dihydrogen phosphate, calcium chloride, magnesium chloride, 

and sodium chloride. A Ca2+ and Mg2+ free HBSS (pH7.4) with 10mM HEPEs 

and 5mM glucose was used to isolate L cells (Reimann et al., 2008). 

 

In my comparison experiments, HBSS with 10mM HEPEs and 5mM glucose 

was used as the isolation solution. As shown in Table 5-1, at the first time 

point, the DMEM method gave a slightly higher viability than the HBSS. 

However, from the second time point 1h to the last time point 4h, 

significantly higher viability result were obtained for pH adjusted HBSS 

http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Glucose
http://en.wikipedia.org/wiki/Vitamin
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with HEPES buffering system showed that HBSS (pH 7.4) supplied with 

10mM HEPEs and 5mM glucose is better in maintaining the viability of 

isolated duodenal cells than DMEM. The possible reason for the observed 

difference is the pH of the cell isolation and culture medium is a significant 

factor in mouse duodenal cell culture. During the cell isolation process and 

microscopy, DMEM was at times observed to turn purple indicating that 

the pH was alkaline. The buffer system of DMEM is sodium bicarbonate, it 

requires 7%-10% CO2 (Commonly 5% CO2 is used by many researchers) to 

maintain the required pH. However, once DMEM exposed to ambient 

levels of CO2, the sodium bicarbonate will cause the medium to turn basic 

very rapidly. 

 

5.8.4 Is the Serum Necessary in the Isolation Procedure? 

FBS is widely used to promote the growth of the epithelia cells (Paraskeva 

& Williams, 1992). However, in FACS and followed by calcium imaging 

experiments two potential problems exist: 1, FBS may block the nozzle of 

FACS machine. 2, FBS binds the fatty acid in the perfusion solution and 

changes the concentration of the fatty acid effect on the cells. Therefore, 

experiments were performed to assess the viability of cells maintained in 

media without FBS. There was no significant difference in the viability data 

with and without FBS during the isolation procedure and within 4h short 
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term culture in the medium. This indicates it is not necessary to add FBS 

in the isolation solution. For the downstream experiments within 4h, the 

inclusion of FBS was found not to effect viability.  

 

5.8.5 Cell Adhesion Matrix 

The extracellular matrix (ECM) preserves the integrity of the epithelium. 

Disruption of ECM will trigger the programmed cell death (Frisch & Francis, 

1994). In SatoΩs Lgr5 cell culture experiments, the cells were grown in 

Matrigel to support the cell growth (Sato et al, 2009). 

 

In my cell adhesion matrix optimisation experiment, Matrigel provided the 

best adhesion for the cells compared to Cell-Tak and poly-L-lysine. More 

than half of the isolated cells adhered to the bottom of the plate after the 

medium was removed by pipette and fresh medium was added. However, 

the phenol which acts a pH indicator in the Matrigel I used in the 

experiment gave strong auto fluorescence in the frequency range 

employed for calcium imaging. In calcium imaging experiments, eGFP cells 

were not able to be observed due to this problem. In addition, the fura-2 

signal given by the loaded cells was too low and was not detectable over 

the high background fluorescence from the Matrigel coated coverslip 

(data not shown). Attempts to attach the cells on the Matrigel and carry 
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out imaging were unsuccessful. It would be worth to try the phenol free 

Matrigel coated culture ware which directly fit for the microscopy. 

 

5.8.6 Cell Preparation and Optimisation of Calcium Imaging 

The biggest obstacles preventing the progress of calcium imaging work 

was cell viability and adhesion. Isolated cells were successfully loaded 

with fura-2 and could be detected; the eGFP cells were able to respond to 

the stimulation of ionomycin. However, in most of the imaging 

experiments I performed, the fura-2 signal could not be recorded because 

the cells were not sufficiently attached to the coverslip and the perfusion 

solution caused the target cells to detach. When duodenal epithelial cells 

are dissociated their tendency to undergo programmed death. Unhealthy 

cells are difficult to load with the fura-2 and the death of the cell causes 

the increase of the auto fluorescence which can cause the difficulty to find 

CCK-eGFP under the microscope. 

 

The current work was successful in developing a method to keep isolated 

cells viable in the short term and optimised the loading of cells with Fura2. 

These developments represent positive steps forward towards studying 

the function of EEC cells in the short term. Several problems still exist and 

these include finding a suitable means of attaching cells to cover slips to 
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enable micro perfusion and calcium imaging. Matrigel was found to be 

very good at immobilising cells suitable for imaging experiments, however 

the inherent auto fluorescence represented a problem. An alternative 

approach that should be attempted in the future would be 1) using phenol 

free Matrigel coated culture ware which directly fit for the microscopy; 2) 

changing calcium binding dye due to the cross over with the eGFP 

excitation frequency of fura-2. 
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6 IMMUNOCYTOCHEMISTRY AND FACS ANALYSIS OF CCK CELLS 

Immunocytochemistry is widely used to study receptors and hormone 

expression in cells. However, the study of EEC is still difficult due to the 

low number of enteroendocrine cells (<1% of intestine cells) in the whole 

intestinal epithelium population. The recent engineering of transgenic 

mouse models with genetically fluorescent-tagged genes that encode a 

gut hormones enables the measuring of immunostained events by flow 

cytometry. In the previous chapter, FACS was used to sort the green 

fluorescent CCK-eGFP cells from other non-CCK epithelial cells. The 

combination of FACS and immunocytochemistry also enables a quick and 

global analysis of the hormone expression of the CCK cells. The aims of 

the work described in the following chapter are to:  

1) Establish immunocytochemistry methodologies for mouse native CCK 

cells to enable FACS analysis of hormone expression; 

2) Study the hormone expression of the CCK cells. 

 

Preliminary experiments were necessary to determine the optimal 

secondary antibody dilution, optimal cell fixation method for FACS and the 

best serum to block nonspecific binding of the secondary antibody. For 

these preliminary experiments, an anti-eGFP antibody and Alexa Fluor® 

647 Donkey Anti-Mouse IgG (H+L) Antibody (secondary antibody) were 

employed. 
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6.1 Optimisation of Immunocytochemistry and FACS Analysis 

6.1.1 Optimisation of Secondary Antibody Dilution 

Five dilutions of the donkey anti mouse red (Cy5 fluorescent) secondary 

antibody Alexa Fluor® 647 (1:1000, 1:2500, 1:5000, 1:7500 and 1:10000) 

were prepared and tested in two separate experiments to determine 

which dilution gave the lowest fluorescent background. The value of green 

fluorescence given by eGFP and the red Cy5 fluorescence given by Alexa 

Fluor® 647 secondary antibody of the whole mouse duodenal cells was 

measured by the FACS (Figure 6-1, Figure 6-2).  

 

A control cell sample with no antibody added was prepared for both 

experiments. Figure 6-1 shows the results of FACS analysis. Events (cells 

detected by the FACS machine) with different intensity of green and/or 

red fluorescence drop in four different windows in each panel. CCK-eGFP 

cells (green) but not stained with Alexa Fluor® 647 secondary antibody 

(not red) drop in lower right window; CCK-eGFP cells (green) strongly 

stained with Alexa Fluor® 647 secondary antibody (red) drop in upper right 

window; Non CCK-eGFP cells (not green) stained with Alexa Fluor® 647 

secondary antibody (red) drop in upper left window; Neither CCK-eGFP 

(green) nor Alexa Fluor® 647 secondary antibody stained cells (not red) 

drop in lower left window. In the control panel of figure 6-1, cells with no 
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antibody added appear mainly in the lower left region (R5). The green 

CCK-eGFP cells appear in the lower right region (R6). Some events appear 

in upper left region (R3), this may because of the auto fluorescent. In the 

1:1000, 1:2500 and 1:5000 panel, majority events shift up which exhibited 

high red fluorescence. The events appear in region R11, R7 and R15 

indicate the cells are strongly stained with the secondary antibody. 

 

Figure 6-2 shows the results of FACS analysis of the fluorescent 

background given by 1:5000, 1:7500 and 1:10000 dilutions of Alexa Fluor® 

647. The x axis is the value of intensity of eGFP (Green) in logarithm form, 

the y axis is the value of intensity of Alexa Fluor® 647 (Red) in logarithm 

form. However, there was almost no increase of Alexa Fluor® 647 stained 

cells observed compared with the control in figure 6-2. In the first 

experiment, the mean value was calculated and histograms were plotted 

from the cy5 intensity value of each event showed in the upper left 

window under the condition of control and different dilutions. Although 

there was significant statistical difference between the control and the 

antibody stained cell sample, 1:5000 dilution gave the smallest increase in 

background. 
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    Control                      1:1000 

 
1:2500                      1:5000 

 

Figure 6- 1 Representation of FACS analysis of the fluorescent background given by 

different dilutions of Alexa Fluor® 647. 

Mouse duodenal single cells stained with different dilution of Alexa Fluor® 647 donkey 

anti mouse secondary antibody. The x axis is the value of intensity of eGFP (Green) in 

logarithm form, the y axis is the value of intensity of Alexa Fluor® 647 (Red) in 

logarithm form. In each panel there are four different regions. The events appear in 

the lower left region represent the non eGFP and no antibody stained cells. The events 

in upper left window are the non eGFP cells with Alexa Fluor® 647 red signal 

(background of secondary antibody staining). The events show in the both lower and 

upper right window represent the eGFP cells, the events in upper right window 

represent the eGFP cells with strong red signal. (n=3). 
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Figure 6- 2 FACS analysis of the fluorescent background given by different dilutions 

of Alexa Fluor® 647 (1:5000, 1:7500 and 1:10000). 

Mouse duodenal single cells stained with different dilution of red secondary antibody 

Alexa Fluor® 647. The events in upper left window in each panel indicate the cells 

strongly stained with the secondary antibody. The events appear in the lower left 

window represent the non eGFP and no antibody stained cells. The green CCK-eGFP 

cells appear in the lower right region. The events in upper right window represent the 

eGFP cells with Alexa Fluor® 647 stained. 
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As the Figure 6-3 shows, 1:5000 dilution (purple histogram) is the closest 

to the non-antibody stained control (blue histogram). However, in the 

second experiment with the 1:5000, 1:7500 and 1:10000, the increase of 

Alexa Fluor® 647 stained cells was hardly observed compared with the 

control.  

 

Table 6-1 shows the fold change ratio compared to control cells of the 

increasing red fluorescence intensity of the mouse duodenal cells stained 

by 1:1000, 1:2500 and 1:5000 dilution of Alexa Fluor® 647. 1:5000 dilution 

gave the smallest increase in background. The dilution of 1:5000 was used 

in experiments afterwards. 

 

 

2nd antibody Dilution 1:1000 1:2500 1:5000 

Fold change of red 

fluorescence intensity  
3.7 3.1 2.3 

Table 6- 1 Fold change ratio compared to control cells of the increasing red 

fluorescence intensity of the mouse duodenal cells stained by three different 

dilution of Alexa Fluor® 647. 
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Figure 6- 3 FACS analysis frequency distribution of different cell samples stained with 

Alexa Fluor® 647 compared with no antibody staining control. 

Shown are three dilution of Alexa Fluor® 647: 1:1000 (purple), 1:2500(green) and 

1:5000 (red). Blue present the control with no secondary antibody. 

 

 

Figure 6- 4 Histogram of mean fluorescence for CCK-eGFT cells stained with no 

antibody (control) against the cells stained with different dilutions of Alexa Fluor® 

647. 

The Y axis stands the cumulative event number. The value showed above the bars are 

the mean values of the Cy5 fluorescence. Sample size is the number of CCK-eGFP 

events. 
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6.1.2 Comparison of Five Different Cell Fixing Methods for FACS 

Different cell fixing methods: methanol followed by paraformaldehyde 

(PFA), ethanol followed by PFA, acetone followed by PFA, PFA with the 

penetration reagent Triton X100 and PFA with saponin were compared in 

order to find out which method yielded the highest cy5 red fluorescence 

intensity of the secondary antibody stained CCK-eGFP positive cells from 

the background. Controls were made in each experiment by adding only 

the Alexa Fluor® 647, the secondary antibody, but no anti-eGFP primary 

antibody. Mean values of Cy5 intensity of each condition of every eGFP 

labeled green events were calculated and frequency distribution were 

plotted. 

 

Figure 6-5 shows the frequency distribution of Cy5 fluorescent intensity of 

CCK-eGFP cells fixed with methanol and PFA. The x-axis shows the 

intensity of Cy5, the y-axis shows the number of events. Blue line 

represent the control with only Alexa Fluor® 647 added (no primary 

antibody added). The red line represent the cell sample fixed with PFA and 

methanol stained with both primary and secondary antibody. 

Kolmogorov-Smirnov test was carried out. The cy5 fluorescent intensity 

between two groups was statistically different (p<0.005) (Figure 6-6). 

 

Figure 6-7 shows the frequency distribution of Cy5 fluorescent intensity of 
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CCK-eGFP cells fixed with ethanol and PFA. Blue line represents the control 

with only Alexa Fluor® 647 added (no primary antibody added). Red line 

represents the cell sample fixed with PFA and ethanol stained with both 

primary and secondary antibody. Kolmogorov-Smirnov test was carried 

out. The cy5 fluorescent intensity between two groups was statistically 

different (p<0.005) (Figure 6-8). 

 

Figure 6-9 shows the frequency distribution of Cy5 fluorescent intensity of 

CCK-eGFP cells fixed with acetone and PFA. Blue line represents the 

control with only Alexa Fluor® 647 added (no primary antibody added). 

Red line represents the cell sample fixed with acetone and PFA stained 

with both primary and secondary antibody. Kolmogorov-Smirnov test was 

carried out. The cy5 fluorescent intensity between two groups was 

statistically different (p<0.005) (Figure 6-10). 

 

Figure 6-11 shows the frequency distribution of Cy5 fluorescent intensity 

of CCK-eGFP cells fixed with 0.1 % (v/v) Triton and PFA. Blue line 

represents the control with only Alexa Fluor® 647 added. Red line 

represents the cell sample stained with both primary and secondary 

antibody. Kolmogorov-Smirnov test was carried out. The cy5 fluorescent 

intensity between two groups was statistically different (p<0.005) (Figure 

6-12). 
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Figure 6-13 shows the frequency distribution of Cy5 fluorescent intensity 

of CCK-eGFP cells fixed with 0.1 % (v/v) Saponin and PFA. Blue line 

represents the control with only Alexa Fluor® 647 added. Red line 

represents the cell sample stained with both primary and secondary 

antibody. Kolmogorov-Smirnov test was carried out. The cy5 fluorescent 

intensity between two groups were statistically different (p<0.005) (Figure 

6-14). 

 

Fold change was calculated as Cy5 intensity value of the sample divided 

by the intensity value of the control under each fixing condition. The 

results are shown in the table 6-2: the methanol followed by PFA fixing 

method was the optimal for the experiments afterward. 

 

Fixing method PFA+MeOH PFA+EtOH PFA+Acetone PFA+Triton PFA+Saponin 

Fold change of red 

fluorescence 

intensity 
1.3 1.2 1.0 0.9 1.4 

Table 6- 2 Fold change of Alexa Fluor® 647 cy5 intensity of the CCK-eGFP cells fixed 

by different methods. 
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Figure 6- 5 FACS analysis frequency distribution of PFA and methanol fixing method. 

FACS analysis frequency distribution comparing cy5 fluorescent intensity of CCK-eGFP 

cells stained with both GFP antibody and Alexa Fluor® 647 antibody against the 2nd 

antibody only control using PFA and methanol fixing method. 

 

 

Figure 6- 6 Graphical representation of number of events with cy5 fluorescent value 

less than mean cy5 fluorescence for Alexa Fluor® 647 stained control compared to 

both primary and secondary antibody stained cell group fixed with PFA and 

methanol. 
The mean value is shown on the top of the histogram. The Y axis represents the 

cumulative event number. The values showed above the bars are the mean values of 

the Cy5 fluorescence. Kolmogorov-Smirnov test was carried out. These data indicated 

a significant difference between the two groups*=p<0.005.  



191 
 

 

Figure 6- 7 FACS analysis frequency distribution of PFA and ethanol fixing method. 

FACS analysis frequency distribution comparing cy5 fluorescent intensity of CCK-eGFP 

cells stained with both GFP antibody and Alexa Fluor® 647 antibody against the 2nd 

antibody only control using PFA and ethanol fixing method. 

 

 

Figure 6- 8 Graphical representation of number of events with cy5 fluorescent value 

less than mean cy5 fluorescence for Alexa Fluor® 647 stained control compared to 

both primary and secondary antibody stained cell group fixed with PFA and ethanol. 

The mean value is shown on the top of the histogram. The Y axis represents the 

cumulative event number. The values showed above the bars are the mean values of 

the Cy5 fluorescence. Kolmogorov-Smirnov test was carried out. These data indicated 

a significant difference between the two groups *=p<0.005.  
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Figure 6- 9 FACS analysis frequency distribution of PFA and acetone fixing method. 

FACS analysis frequency distribution comparing cy5 fluorescent intensity of CCK-eGFP 

cells stained with both GFP antibody and Alexa Fluor® 647 antibody against the 2nd 

antibody only control using PFA and acetone fixing method. 

 

 

Figure 6- 10 Graphical representation of number of events with cy5 fluorescent value 

less than mean cy5 fluorescence for Alexa Fluor® 647 stained control compared to 

both primary and secondary antibody stained cell group fixed with PFA and acetone. 

The mean value is shown on the top of the histogram. The Y axis represents the 

cumulative event number. The values showed above the bars are the mean values of 

the Cy5 fluorescence. Kolmogorov-Smirnov test was carried out. These data indicated 

a significant difference between the two groups*=p<0.005.   
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Figure 6- 11 FACS analysis frequency distribution of 0.1% (v/v) Triton fixing method. 

FACS analysis frequency distribution comparing cy5 fluorescent intensity of CCK-eGFP 

cells stained with both GFP antibody and Alexa Fluor® 647 antibody against the 2nd 

antibody only control using PFA and 0.1% (v/v) Triton fixing method. 

 

 

Figure 6- 12 Graphical representation of number of events with cy5 fluorescent value 

less than mean cy5 fluorescence for Alexa Fluor® 647 stained control compared to 

both primary and secondary antibody stained cell group fixed with PFA and 0.1% 

(v/v) Triton. 
The mean value is shown on the top of the histogram. The Y axis represents the 

cumulative event number. The values showed above the bars are the mean values of 

the Cy5 fluorescence. Kolmogorov-Smirnov test was carried out. These data indicated 

a significant difference between the two groups*=p<0.005. 
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Figure 6- 13 FACS analysis frequency distribution of PFA and 0.1% (v/v) saponin 

fixing method. 

FACS analysis frequency distribution comparing cy5 fluorescent intensity of CCK-eGFP 

cells stained with both GFP antibody and Alexa Fluor® 647 antibody against the 2nd 

antibody only control using PFA and 0.1% (v/v) saponin fixing method. 

 

Figure 6- 14 Graphical representation of number of events with cy5 fluorescent 

value less than mean cy5 fluorescence for Alexa Fluor® 647 stained control 

compared to both primary and secondary antibody stained cell group fixed with 

PFA and 0.1% (v/v) saponin. 
The mean value is shown on the top of the histogram. The Y axis represents the 

cumulative event number. The values showed above the bars are the mean values of 

the Cy5 fluorescence. Kolmogorov-Smirnov test was carried out. These data indicated 

a significant difference between the two groups*=p<0.005.  




















































