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ABSTRACT 

Type 1 diabetes is a disease of the pancreas in which the beta islet (endocrine) 

cells, which are responsible for insulin production, are destroyed by the immune 

system. The expansion in bioreactors and subsequent transplantation of 

endocrine cells could revolutionize the treatment for Type 1 diabetes using the 

"world-famous" Edmonton Protocol. Consequently, the aim of this study was to 

develop a scaleable process to expand mammalian pancreatic endocrine tissue 

in suspension bioreactors. Issues regarding cell culture medium conditions and 

cell handling protocols were investigated. Experiments in suspension bioreactors 

for 9 days showed a greater than 7-fold increase in the number of insulin-positive 

cells. Furthermore, aggregates were islet-like, as all of the endocrine cell types 

were present. Most importantly, cells exhibited glucose-responsive behavior and 

thus functionality.. These results represent a major milestone on the path to 

effective expansion and clinical use of bioreactor-produced islet-like structures in 

the treatment of Type 1 diabetes. 
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CHAPTER I 

SCOPE OF THESIS 

1.1 MOTIVATION FOR STUDY 

Diabetes is a disease of the pancreas and is Canada's third largest cause of 

death by disease. It affects 2.25 million Canadians and on average kills one 

Canadian every 30 minutes. It costs the Canadian healthcare system a 

staggering 13.2 billion dollars annually to treat mainly Type 1 diabetics who have 

developed chronic conditions (Foothills Diabetes Association, 2001). 

Beta, alpha, delta, and F cells are endocrine cells within the pancreas and each 

is responsible for the production of a specific hormone. These cells exist as 

clusters of cells, called islets, within the pancreas. Type 1 diabetes is a result of 

a malfunction of the immune system, which mistakenly attacks and kills the beta 

islet cells without destroying the alpha, delta, and F cells. Beta cells are 

responsible for insulin production. Type 1 diabetes mainly afflicts children. Type 

2 diabetes is a metabolic disorder resulting from the body's inability to make 

enough, or properly use, insulin. Type 2 diabetes can be treated with diet and 

exercise. However, in severe cases, oral drug therapy or even insulin therapy 

may be employed (Katsilambros and Tentolouris, 2003). 

The current treatments available for Type 1 diabetes may be ineffective in 

treating some patients and at this point there is no cure. However, within recent 

years, research has progressed in the area of islet cell transplantation as an 



2 

alternate and effective form of treatment. Transplantation of islet cells in patients 

suffering from Type 1 diabetes shows promise in revolutionizing the treatment of 

this disease as patients achieve independence from insulin injections, blood 

glucose monitoring, and dietary restriction resulting in an improved quality of life. 

Recent studies show that this new approach, which involves the transplantation 

of islet cells into the hepatic portal vein of the liver (i.e. the islets then populate 

the blood capillaries of the liver) in the patient, provides the patient with sufficient 

insulin, reducing the need for regular insulin injections. Furthermore, a specific 

cocktail of immunosuppressants developed in Edmonton has increased islet 

survival rate. This approach has been termed the "Edmonton Protocol" as it has 

been successfully tested in patients with Type 1 diabetes suffering from severe 

hyperglycemia in Edmonton (Shapiro et al., 2001). As of 2003, 54 patients in 

Edmonton had undergone islet transplantation using the Edmonton protocol 

(Ryan et al., 2002). 

A major limitation of islet transplantation is that pancreases from two to three 

cadavers are required in order to perform the islet transplantation on one patient 

(Shapiro et al., 2001). Furthermore, powerful immunosuppressants are required, 

which put the patient at risk, as they become more susceptible to acquiring 

diseases later on in life. Since large numbers of endocrine cells are required in 

order to treat the many individuals afflicted with diabetes, the expansion of 

pancreatic endocrine cells outside of the human body in bioreactors could 

overcome the limited supply of cells. 

I.2 THESIS OUTLINE 

The expansion in bioreactors and subsequent transplantation of endocrine cells 

could revolutionize the treatment of Type 1 diabetes. Consequently, the aim of 

this study is to develop a scaleable process to expand mammalian pancreatic 

endocrine tissue in suspension bioreactors. Issues regarding cell culture 

medium conditions, such as medium type, medium pH, and insulin in the medium 
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are examined. Furthermore, cell handling protocols, such as cell inoculation 

densities and chemical and enzymatic dissociation of tissue aggregates between 

passages, are investigated. Lastly, the effects of long-term culture are 

examined. All experiments involve the use of neonatal porcine pancreatic cells, 

as fetal porcine islet cells have been found to have reduced functionality and 

adult porcine islet cells have been found to be very fragile in culture. Porcine 

cells are chosen in this study since pigs possess morphological and physiological 

characteristics similar to humans. Experiments performed in suspension 

bioreactors have shown, for the first time, a greater than 7-fold increase in the 

number of insulin-positive cells during a 9-day culture period. Furthermore, 

aggregates harvested are islet-like, as all of the endocrine cell types are present. 

In order to track cell densities in culture at varying time points, a new cell 

counting method is developed due to issues regarding aggregate dissociation. 

The composition of the cell population in each bioreactor is determined by 

immunocytochemistry. Cells positive for insulin/C-peptide, glucagon, 

somatostatin, or pancreatic polypeptide are classified as endocrine. Cells 

positive for amylase are classified as exocrine. Cells positive for CK7 are 

determined to be ductal. Lastly, cells positive for vimentin are known to be 

mesenchymal cells. 

In addition to cells expressing insulin/C-peptide, it is essential that these cells are 

functional. In order to test the functionality of the tissue after 9 days of 

suspension culture, cells are subjected to standard glucose challenge tests in 

vitro through a static incubation assay in which cells are exposed to basal and 

stimulated levels of glucose. Results have shown that after a 9-day suspension 

culture period, neonatal porcine pancreatic cells are glucose-responsive and, 

therefore, functional. 
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These results represent a major milestone in the path required for the clinical use 

of islet transplantation in humans to treat Type 1 diabetes. Moreover, these are 

the first data ever reported showing the successful culture of neonatal porcine 

pancreatic cells in suspension bioreactors. These results indicate the possible 

scalability of endocrine tissue, perhaps eventually alleviating the current islet 

supply limitation. This may be accomplished by applying protocols developed for 

the porcine model to the human model, thus producing sufficient numbers of 

human endocrine cells such that one cadaver pancreas may treat several 

diabetics. 
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CHAPTER II 

INTRODUCTION 

The human pancreas performs metabolic functions essential to life and, 

therefore, one cannot live without it. A serious disease of the pancreas is 

diabetes, and this affects millions of people worldwide. This disease is a 

significant cost to the Canadian healthcare system and adversely affects the 

quality of life of diabetics. In order to develop methods of treating these patients, 

it is first important to understand the human pancreas along with its cellular 

components and functions. 

11.1 THE ENDOCRINE SYSTEM 

11.1.1 Anatomy of the Human Pancreas 

The human pancreas (or "sweetbread") is a soft, yellowish-pink elongated organ 

located in the abdominal cavity adjacent to the first part of the small intestine, 

also called the duodenum (Keynes and Keith, 1981). It is approximately 20-25 

cm in length and weighs approximately 80 g in the adult (Martini, 2001). It 

consists of a head, body, and tail and is connected to the duodenum by the 

pancreatic duct (Tortora and Grabowski, 2003). A diagram depicting the location 

of the pancreas in the human body can be seen in Figure 11.1. 
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Figure 11.1. The human pancreas shown located in the abdominal cavity near 
the stomach and the small intestine (Microsoft Encarta Encyclopedia, 2001). 

11.1.2 Cells in the Human Pancreas 

The pancreas has two major types of cells: endocrine cells and exocrine cells. In 

1869 during his doctoral study, Paul Langerhans discovered dense clusters of 

clear cells that were scattered throughout the exocrine tissue, but did not attempt 

to determine their function. In 1893, the role of these cells was ascertained, and 

they were named after Langerhans (Tattersall, 2003). These endocrine cells 

were found to exist as small clusters of cells, which were named islets of 

Langerhans. Endocrine cells secrete their products into the bloodstream. There 

are approximately one million islets in a human pancreas; however, they only 

make up 1-2% of the total number of cells. Exocrine cells make up 

approximately 99% of the pancreas and secrete their products into tubular 

passageways called ducts, which empty onto epithelial surfaces (Martini, 2001). 

This is discussed in detail in Section 11.1.2.2. Of the 99% of exocrine cells, 
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approximately 10% are ductal (epithelial) cells (Kolar et al., 1997; Street er al., 

2003). 

11.1.2.1 EndocrinePancreas 

Islets exist as clusters of cells among exocrine cells and have diameters in the 

range of approximately 200 \xm to 400 ^m. Pancreatic islets have four major cell 

types, which produce different endocrine products: beta (P) cells constitute 60-

80% of the islet cells and produce the hormone insulin; alpha (a) cells constitute 

15-20% of the islet cells and secrete the hormone glucagon; delta (5) cells 

constitute 5-10% of the islet cells and synthesize and secrete the hormone 

somatostatin; and F (PP) Cells constitute less than 2% of the islet cells and 

synthesize and secrete pancreatic polypeptide (Edlund, 2002). Figure II.2 

illustrates the cell composition of the adult human islet. 

The central core of each islet is composed mainly of beta cells, where each beta 

cell is approximately 10-15 |am in diameter, followed by a mantle of alpha, delta, 

and F cells (Nussey and Whitehead, 2001). Beta cells are connected by gap 

junctions and respond synchronously in response to stimulatory concentrations 

of glucose (7-10 mM). On the other hand, alpha and delta cells are 

unsynchronized. Delta cells play a paracrine role within the islet as somatostatin 

inhibits actions of the alpha and beta cells (Soria, 2001). 

It is necessary for islets to be near blood capillaries as they release their 

products directly into the bloodstream to be carried to other parts of the body. 

Therefore, each islet is highly vascularized with small arterioles in each core. 

The islet has a capillary network that is five times denser than the capillary 

network within exocrine tissue (Konstantinova and Lammert, 2004). These 

arterioles are further broken down into a network of capillaries allowing blood to 

be carried to the mantle. Arterioles supply oxygenated blood to the pancreas 
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Cell Composition of the Adult Human Pancreatic Islet 

F Cells 

Beta Cells 
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Figure 11.2. The cell composition of the adult human pancreatic islet: alpha cells, 
beta cells, delta cells, and F cells (adapted from Edlund, 2002). 
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and venules carry blood away from the pancreas (Nussey and Whitehead, 2001). 

Figure 11.3 illustrates the anatomy of the pancreas and an islet cluster existing 

among exocrine tissue. Figure 11.4 shows a section of the pancreas illustrating 

the arrangement of islet cells within the islet along with blood capillaries within 

the islet and acini cells with their ducts. 

Human Insulin 

Frederick Banting, Charles Best, J.J.R. Macleod, and James Collip discovered 

insulin in 1921 at the University of Toronto (Tattersall, 2003). Insulin is a 51-

amino-acid polypeptide composed of two chains, A and B, joined together by two 

disulfide bonds. C-peptide is required for the formation of these disulfide bonds 

during the proinsulin stage, which is discussed later in this chapter (Nussey and 

Whitehead, 2001). The amino acid sequence of human and porcine insulin is 

shown in Figure II.5. Insulin targets most cells in the body. It causes target cells 

to uptake glucose and stimulates the production and storage of lipids and 

glycogen. Insulin production is stimulated by high blood glucose concentration 

and high levels of some amino acids, such as arginine and leucine, and is 

inhibited by somatostatin produced by delta cells (Flatt, 2003; Persaud and 

Howell, 2003). The autonomic nervous system also has some control over 

insulin secretion (Martini, 2001; Bishop and Polak, 2003). 

Insulin causes glucose absorption and metabolism within the cell. Most cell 

membranes possess insulin receptors, except for cells in the brain, kidney, lining 

of the digestive tract, and red blood cells. These particular cells can absorb 

glucose without being stimulated by insulin. When insulin is released into the 

bloodstream, it binds to receptor proteins present on cell membranes, activating 

the receptor. The receptor then functions as a kinase and attaches phosphate 

groups to intracellular enzymes. This phosphorylation of the enzymes leads to 

effects in the cells, which are not completely understood. Insulin facilitates 



Figure 11.3. (a) Anatomy of the pancreas showing the head, body, and tail of the pancreas, (b) Islet and surrounding acini 
(Martini, 2001). 

o 
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Figure IIA Section of the human pancreas illustrating the arrangement of islets 
(alpha, beta, delta, and F cells) and acini cells with their ducts (Scanlon and 
Sanders, 2003). F cells are not shown. Acinar cells are responsible for 
producing enzymes used in the digestive process (Section 11.1.2.2). 
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Figure II.5. Amino acid sequence of human and porcine insulin. Human and 
porcine insulin differ by one amino acid (at B30, threonine in human and alanine 
in porcine). The insulin molecule is composed of two chains, A and B, which are 
connected together by two disulfide bonds (adapted from Gill and Wood, 2003). 
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glucose uptake by all target cells due to an increase in the number of glucose 

transport proteins on the cell membrane. Glucose is transported into the cell by 

these proteins through facilitated diffusion, which is due to the glucose 

concentration gradient, and therefore does not require ATP. A second effect of 

insulin is that it facilitates glucose utilization by all target cells and enhanced A T P 

production since the rate of glucose use is proportional to its concentration. 

Thirdly, insulin stimulates glycogen formation in skeletal muscles and liver cells. 

Excess glucose within the cells is stored as glycogen. Another effect of insulin is 

that it stimulates amino acid absorption and protein synthesis. Lastly, insulin 

causes adipocytes to absorb fatty acids and glycerol, thus leading these cells to 

store these components as triglycerides (Martini, 2001). 

Human Glucagon 

Glucagon is a 29-amino-acid peptide, which targets the liver and adipose tissues. 

It mobilizes lipid reserves, promotes the synthesis of glucose, and promotes 

glycogen in the liver to break down, thus increasing blood glucose levels. The 

production of glucagon is stimulated by low blood glucose and inhibited by 

somatostatin produced by delta cells (Martini, 2001). 

Glucagon first attaches to a receptor on the cell membrane, activating adenylate 

cyclase, which leads to the activation of cytoplasmic enzymes. The effects of 

glucagon include the stimulation of glycogen breakdown in skeletal muscle and 

liver cells, the stimulation of triglyceride breakdown in adipocytes, and the 

stimulation of glucose production by the liver, called gluconeogenesis. 

Gluconeogenesis involves the liver cells absorbing amino acids from the 

bloodstream, converting them to glucose, and releasing the glucose into the 

bloodstream (Martini, 2001; Scanlon and Sanders, 2003). 
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Human Somatostatin 

Somatostatin, which is a 14-am i no-acid peptide, targets alpha and beta cells as 

well as the digestive epithelium. This hormone inhibits the secretion of insulin 

and glucagon, and slows the rate of nutrient absorption and enzyme secretion in 

the digestive tract (Martini, 2001; Scanlon and Sanders, 2003). The control 

mechanism of somatostatin production is uncertain; however, it is known that its 

production is stimulated by protein-rich meals (Martini, 2001). 

Human Pancreatic Polypeptide 

Pancreatic polypeptide is a 36-amino-acid peptide targeting the digestive organs. 

Its hormonal effects include inhibition of gallbladder contraction, regulation of the 

production of pancreatic enzymes, and control of the rate of nutrient absorption in 

the digestive tract. Pancreatic polypeptide production is stimulated by protein-

rich meals and the autonomic nervous system (Martini, 2001). 

Role of Insulin and Glucagon 

The most important role of insulin and glucagon is to maintain constant levels of 

glucose in the blood and therefore they are secreted in response to fluctuations 

in blood glucose. They have opposite effects on blood glucose levels, which is 

how "steady-state" blood glucose levels are maintained. As mentioned above, 

insulin is needed to convert glucose into energy needed for cellular activities and 

is released in response to high blood glucose levels and glucagon is released in 

response to low blood glucose levels. Figure 11.6 illustrates the primary 

mechanism by which homeostasis of blood glucose levels is achieved. Normal 

blood glucose levels in humans are between 6.5 - 7.5 mmol/L. Hyperglycemia is 

defined as blood glucose levels above this range (high blood glucose) and 

hypoglycemia is defined as blood glucose levels below this range (low blood 

glucose). 
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Figure 11.6. Primary mechanism of high and low blood glucose control. Low 
blood glucose causes alpha cells in the pancreas to release glucagon into the 
bloodstream, signaling the liver to release glucose into the blood, therefore 
increasing blood glucose levels. High blood glucose causes beta cells in the 
pancreas to secrete insulin into the bloodstream, signaling cells in the body to 
take in glucose from the blood, thus decreasing blood glucose levels. Normal 
blood glucose levels are between 6.5 - 7.5 mmol/L (EndocrineWeb, 2002). 
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Human Connecting Peptide (C-Peptide) 

C-peptide is a 31-amino-acid peptide and has a molecular weight of 3020 Da 

(Lineo Research Inc., 2003). It is created by the processing of proinsulin. C-

peptide is co-secreted with insulin and is used to detect proper beta cell function 

in diabetics. This is discussed in detail later in this chapter. Furthermore, C-

peptide is used in immunocytochemistry instead of insulin to overcome the 

problem of insulin in the cell culture medium being taken up by the cells and thus 

leading to false results. This allows for the definitive identification of beta cells as 

C-peptide is not a typical component of cell culture medium and must be 

produced by the beta cell. 

C-peptide was previously not known to have biological activity. However, recent 

evidence indicates that certain tissues may express C-peptide receptors and may 

have specific effects for Type 1 diabetics. These effects include increased blood 

flow in skeletal muscle and skin, decreased glomerular hyperfiItration, decreased 

urinary albumin excretion, and improved nerve function (Nussey and Whitehead, 

2001 ; Flatt, 2003). 

Synthesis of Insulin and C-Peptide Within the Human Beta Cell 

The production and secretion of insulin and C-peptide within the beta cell in 

response to blood glucose levels involves a series of steps. The following 

intracellular pathway takes place before insulin is secreted into the bloodstream 

to target other cells in the body to uptake glucose (Bishop and Polak, 2003; 

Persaud and Howell, 2003): 

1. Preproinsulin (11.5 kDa polypeptide), which is the precursor of insulin, 

is synthesized and cleaved by proteolytic enzymes into proinsulin (9 

kDa) at the rough endoplasmic reticulum. This takes 10-20 minutes. 
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2. Proinsulin is then transferred through microvesicles from the rough 

endoplasmic reticulum to the Golgi apparatus, where it is packaged in 

vesicles. This transfer takes 20 minutes. 

3. Proinsulin conversion to insulin and C-peptide begins at the Golgi 

apparatus and continues within the maturing secretory granule. 

Granules are coated with the protein clathrin. Protein coats act as a 

mechanical device causing the membrane to curve and form a vesicle. 

They also allow for the selection of components to be carried by the 

vesicle (Karp, 2002). This conversion is completed in 30-120 minutes. 

4. Insulin and C-peptide are stored together in mature granules for hours 

to days and co-released in equimolar amounts by exocytosis into the 

bloodstream. Exocytosis is the release of secretory products 

contained in vesicles by fusion of the vesicular membrane with the 

plasma membrane, followed by the release of the contents to the 

outside of the cell. 

Beta cells are able to store large amounts of insulin. Approximately 10% of 

beta cellular protein is insulin. One beta cell contains approximately 13,000 

granules and 20 pg of insulin (Weir, 2004). Beta cells also contain a large 

amount of zinc ions, which are required for the binding of insulin molecules 

into hexamers within the secretory granules (Gill and Wood, 2003; 

Sondergaard et al., 2003). In fact, a fraction of the zinc ions within the beta 

cell are co-secreted with insulin. Upon secretion of insulin, the hexamer 

insulin molecule dissociates into monomer insulin molecules and zinc ions 

due to the increase in pH from 5.5 within the secretory granule to 7.4 in the 

bloodstream (Sondergaard et al., 2003). Figure II.7 illustrates the process by 

which beta cells synthesize insulin. 
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Figure II.7. Mechanism of insulin production in a human beta cell: 
1) preproinsulin processed in the rough endoplasmic reticulum into proinsulin, 
2) proinsulin moved to the Golgi apparatus through vesicles, 3) proinsulin 
conversion to insulin and C-peptide begins at the Golgi apparatus and 
continues within maturing secretory granule, 4) insulin and C-peptide 
released into bloodstream by exocytosis (adapted from Bishop and Polak, 
2003). 
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Glucose Uptake and Metabolism by the Human Beta Cell 

Glucose is a hydrophilic molecule and therefore it cannot diffuse across the cell 

membrane due to the hydrophobic core (tails) of the phospholipids in the cell 

membrane. In order for glucose to move from the bloodstream into cells, 

facilitative glucose transporters (GLUT) are required. 

There is an electrochemical gradient between the extracellular space and 

cytoplasm of the beta cell. This is due to plasma membrane-associated calcium 

extruding systems and calcium sequestration within intracellular organelles. 

When the cell membrane is depolarized, calcium can enter the cell through 

voltage-dependent L-type calcium channels. Each beta cell possesses 

approximately 500 of these channels (Persaud and Howell, 2003). 

The mechanism by which glucose stimulates insulin secretion by beta cells is 

very rapid and occurs within one minute of exposure to glucose (Nussey and 

Whitehead, 2001). The mechanism by which glucose causes insulin and C-

peptide secretion is as follows (Nussey and Whitehead, 2001; Flatt, 2003): 

1. Glucose attaches to the GLUT-2 receptor, located on the beta cell 

membrane. 

2. Glucose is then taken up by the cell through the GLUT-2 receptor. 

This process is termed receptor-mediated endocytosis, which in 

general is a process by which cells internalize molecules or viruses 

through the interaction of that molecule with a specific binding protein 

in the cell membrane termed a receptor. Glucose then undergoes 

glycolysis within the cell, thus producing ATP. 

3. The ATP-sensitive K + channels on the surface of the cell membrane 

close due to the production of ATP . The closing of the K + channels 
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causes depolarization of the cell membrane (the interior of the cell has 

a positive charge). 

4. Depolarization of the cell membrane causes C a 2 + channels to open 

allowing C a 2 + from outside the cell into the cell. 

5. The influx of C a 2 + causes granules within the cytoplasm of the cell 

containing insulin and C-peptide to move to the surface of the cell 

membrane. Insulin and C-peptide are then released from the granules 

into the bloodstream by exocytosis. 

Figure 11.8 illustrates the beta intracellular mechanism from the uptake of glucose 

at the GLUT-2 receptor to the release of insulin and C-peptide. 

To maintain basal insulin levels in the blood, insulin is secreted into the 

bloodstream every 10 minutes in pulses. The first time insulin passes through 

the liver, about 50% of it is removed. The fraction not removed regulates actions 

in peripheral tissues. It has a half-life in the systemic circulation of approximately 

3 minutes. This is also the case for glucagon. C-peptide is not degraded within 

the beta cell and does not cross-react with insulin. It is co-secreted with insulin in 

a 1:1 ratio and therefore C-peptide levels in the bloodstream correlate with those 

of insulin at the time of secretion. However, since the liver does not remove a 

significant amount of C-peptide, its half-life is approximately 30 minutes. A 

certain fraction of C-peptide is excreted in the urine and the urinary C-peptide 

excretion rate is used to measure insulin secretion and thus beta cell function 

(Jaffe and Behrman, 1978; Nussey and Whitehead, 2001; Pinkney, 2003). 

Fasting C-peptide concentrations in the bloodstream range from 0.5 to 2.0 |¿g/L. 

However after the administration of glucose, there is a four- to six- fold increase 

in the C-peptide concentration. Fasting insulin, proinsulin, glucagon, 

somatostatin, and pancreatic polypeptide are 0.040 -1 .0 jag/L, 0.050 - 0.50 jxg/L, 
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Figure II.8. Mechanism by which glucose causes a human beta cell to secrete 
insulin: 1) glucose taken up by cell through the GLUT-2 receptor, 2) glucose 
undergoes glycolysis thus producing ATP, 3) ATP causes K + channels to close 
leading to depolarization of cell membrane, 4) C a 2 + channels open thus allowing 
C a 2 + to enter cell, 5) increase in C a 2 + concentration leads to release of insulin 
and C-peptide from the beta cell (adapted from Hattersley, 2003). 
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0.050 - 0.150 (xg/L, 701 - 871 ug/g islet, and 0.050 - 0.20 ^g/L, respectively (Jaffe 

and Behrman, 1978). It takes less than 2 hours of increased extracellular 

glucose concentration to result in a quick increase in proinsulin synthesis within 

the beta cell. The minimum glucose level in the bloodstream is 2-4 mmol/L, 

which is not high enough to stimulate insulin secretion. However, this glucose 

concentration may ensure that beta cells have an adequate reserve of insulin 

(Persaud and Howell, 2003). 

11.1.2.2 ExocrinePancreas 

The exocrine pancreas, which is approximately 99% of the volume of the 

pancreas, consists of acinar and epithelial cells. These cells work together to 

secrete pancreatic juice, which is an alkaline mixture composed of digestive 

enzymes, water, and ions. The acinar cells secrete the digestive enzymes and 

the cells lining the ducts secrete the water and ions. The main function of the 

water and ions (bicarbonate and phosphate) is to dilute and buffer the acids in 

the chyme, which is the acidic mixture of food and digestive fluids formed in the 

stomach traveling into the small intestine. This juice is secreted into the small 

intestine to aid in digestion. 

Hormones from the duodenum stimulate the secretion of pancreatic juice. The 

duodenum is the first 25 cm of the small intestine closest to the stomach. The 

arrival of chyme in the duodenum stimulates the secretion of secretin. Secretin 

triggers the secretion of water and ions from the pancreas (pH of 7.5 - 8.8), thus 

increasing the pH of the chyme. Another hormone in the duodenum, 

cholecystokinin, stimulates the secretion of pancreatic enzymes, which include 

pancreatic alpha-amylase which breaks down specific starches, pancreatic 

lipase, which breaks down specific complex lipids, nucleases, which break down 

nucleic acids, and proteolytic enzymes, such as trypsin, chymotrypsin, elastase, 

and carboxypeptidase, which break down specific proteins (Howat and Sarles, 
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1979; Martini, 2001; Tortora and Grabowski, 2003). The pH of the pancreatic 

juice can range from 7.0 to 8.3, as reported by Carey (1973), or 7.1 to 8.2, as 

reported by Tortora and Grabowski (2003). 

Amylase is often used in immunocytochemistry as a marker to identify exocrine 

cells. Electron microscopy can also be used to identify exocrine cells as these 

cells have zymogen granules greater than 500 nm in diameter (Korbutt et al., 

1996). Zymogen granules contain the cellular precursor of pancreatic juice, a 

densely packed protein mixture consisting of the precursor enzymes of 

pancreatic juice (Carey, 1973). 

11.1.3 Embryology of the Human Pancreas 

During the gastrulation phase of embryogenesis, three germ layers form, which 

are called endoderm, ectoderm, and mesoderm. The endoderm is the inner of 

the three germ layers of the embryo, which goes on to form the liver, pancreas, 

lungs, and the lining of the digestive tract. The outermost layer is the ectoderm, 

which develops into the nervous system, epidermis, inner ear, and the lens of the 

eye, and the middle layer is the mesoderm, which gives rise to the notochord, 

muscles, skeleton, kidneys, and most of the circulatory system (Campbell, 1996). 

The pancreas appears during the 5 t h week of development arising from two buds 

of the gut endoderm, which are called the ventral and dorsal buds. The ventral 

bud develops from the bile duct and forms part of the head of the pancreas. The 

dorsal bud forms from the dorsal wall of the duodenum and goes on to form the 

body and tail and the remaining section of the head of the pancreas (Keynes and 

Keith, 1981; Bishop and Polak, 2003). 

By the 7 t h week of gestation, the ventral and dorsal buds fuse to form one organ. 

Specialized buds of epithelial cells give rise to pancreatic ducts and exocrine 

cells as well as islets. By approximately the 3 r d month of gestation, endocrine 
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cells separate and begin to differentiate. The first endocrine cells to develop are 

the alpha cells and the last endocrine cells to develop are the F cells. In human 

embryonic development, alpha cells are present by the 9 t h week of gestation, 

followed by delta cells at the 10 t h week and the beta cells by the 11 t h week. 

However, three weeks before cells can be morphologically identified, hormones 

produced by the cells are present. By the 30 t h week of gestation, islets have 

reached their maximum density in the pancreas. The mass of islet tissue is 

approximately 10% of the total weight of the pancreas at birth. However, this 

fraction decreases to 7% during infancy and 1-2% in adults. The greater mass of 

islet tissue and therefore greater amount of islet hormones at birth may be 

required for the development of the pancreas (Nussey and Whitehead, 2001; 

Bishop and Polak, 2003). Figure II.9 shows the embryological development of 

the pancreas from the ventral and dorsal buds. 

II.2 DISEASES OF THE PANCREAS 

There are four main diseases of the pancreas: pancreatitis, cystic fibrosis, 

pancreatic cancer, and diabetes. Pancreatitis is inflammation of the pancreas 

and can be caused by both genetics and the environment. Cystic fibrosis is a 

genetic condition when the exocrine glands produce thick mucus, which 

interferes with the respiratory and exocrine system. The mucus affects lung 

capacity and blocks the pancreatic ducts, thus preventing digestive enzymes 

from reaching the small intestine resulting in insufficient digestion. Pancreatic 

cancer is most commonly developed in the exocrine cells, called an 

adenocarcinoma, and can be caused by both genetics and the environment 

(Pancreatic Disorders, 2004). The focus of this thesis will be on diabetes and is 

described in detail below. 

Diabetes comes from the Greek word for a syphon, since diabetics experience 

greater than normal volumes of urination and the body is used as a channel to 
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Figure 11.9. Embryological development of the pancreas shown from the ventral 
and dorsal views. The pancreas develops from the ventral and dorsal buds, 
which are two buds of the gut endoderm. At week 5 of gestation, a ventral bud 
develops from the bile duct and forms part of the head of the pancreas and a 
dorsal bud develops from the dorsal wall of the duodenum and goes on to form 
the body and tail and remaining section of the head of the pancreas. At week 7 
of gestation, the ventral and dorsal buds fuse to form the pancreas (Bishop and 
Polak, 2003). 
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release this fluid (Tattersall, 2003). This disease is Canada's third largest cause 

of death by disease killing on average one Canadian every 30 minutes. Diabetes 

currently affects 2.25 million Canadians (Foothills Diabetes Association, 2001). 

Type 1 diabetes, also called juvenile diabetes, occurs mainly in children and is a 

result of the immune system mistakenly destroying beta islet cells in the 

pancreas. Type 2 diabetes is a metabolic disorder resulting from the body's 

inability to make enough, or properly use, insulin. The cause of diabetes is 

presently unknown, although both genetics and environmental factors play roles. 

Symptoms of diabetes include frequent and large volumes of urination, excessive 

thirst, extreme hunger, weight loss, increased fatigue, irritability, and blurry vision 

(American Diabetes Association, 2004). 

As a result of not producing or properly using insulin, fasting and post-meal blood 

glucose levels in diabetics are higher than that of the normal individual. Diabetes 

can be detected by measuring the amount of glucose in the blood after the 

individual has fasted for several hours. It is also possible to detect diabetes in an 

individual by administering an oral glucose tolerance test (OGTT) or an 

intravenous glucose tolerance test (IVGTT). The blood glucose level is 

measured before and after administering glucose. The OGTT involves 

administering 75 g of anhydrous glucose in 300 mL of water. After two hours, 

plasma glucose concentration is measured. If the plasma glucose concentration 

is greater than or equal to 11.1 mmol/L and the fasting glucose concentration is 

7.0 mmol/L or higher, the patient is diagnosed as diabetic (Balkau and 

Eschwege, 2003). The IVGTT involves injecting 300 mg glucose/kg body weight 

glucose into the arm of the patient for one minute. Blood samples are obtained 

before glucose administration and periodically for three hours after glucose 

administration (Pinkney, 2003). Normal fasting blood glucose levels are found 

within the range of 3-6 mmol/L (Nussey and Whitehead, 2001). 
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Current research focuses on Type 1 diabetes, as it is a more severe disease due 

to the autoimmune destruction of beta islet cells, despite it affecting only 10% of 

the total population of diabetics. 

11.2.1 Type 1 Diabetes 

Type 1 diabetes affects 10% of the diabetic population and is an autoimmune 

disease in which the immune system attacks and destroys the beta cells within 

the pancreas while the alpha, delta, and F cells remain functional. Early 

development of this disease shows macrophages, CD4 T-cells, and CD8 T-cells 

within the islet. Type 1 diabetes is T-cell-mediated. In the initial stages of Type 1 

diabetes, immunological and metabolic abnormalities are detected, but blood 

glucose levels may remain normal. However, as this disease further develops, it 

can be identified by the presence of islet-related autoantibodies in the blood. 

The normal function of T-cells is to protect the body against infections and 

tumors. This is accomplished through the continuous monitoring of body tissues 

for foreign proteins (antigens) from viruses, bacteria, parasites, or tumors. The 

specialized antigen receptors [specifically human leukocyte antigen (HLA) 

molecules] on T-cells identify antigen-derived peptides on the surface of target 

cells. HLA class I molecules are molecules present on the membrane of all cells 

and are generated from macromolecules synthesized within the cell. CD8 T-cells 

identify these molecules and then destroy the cell. HLA class Il molecules are 

molecules present on the cell membrane of specific cells, such as macrophages, 

and are generated from extracellular molecules taken up by the cell, digested, 

and then returned to the surface of the cell. CD4 T-cells recognize these 

molecules leading to the activation of B cells. This leads to proliferation of B cells 

and their differentiation into plasma cells that synthesize antibodies, which bind 

to the antigen (Karp, 2002). Cytotoxic molecules, cytokines [Interferon-y (IFN-y) 

and Tumour Necrosis Factor-a (TNF-a)], granzyme B, perforin, or by direct cell-
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death signals through the Fas pathway mediate T-cell cellular destruction 

(Petrovsky and Schatz, 2003). 

Beta cell destruction is achieved through apoptosis, which is programmed cell 

death. This is the process by which the cell nucleus condenses, DNA 

enzymatically fragments, and loss of cytoplasm and expression of surface 

receptors signals macrophages to ingest the cell. Apoptosis occurs by the 

activation of the caspase pathway. This pathway can be stimulated by the 

interaction of the death-signalling molecule, Fas, which is a cell surface receptor 

protein, with its ligand, FasL, which is expressed on cytotoxic T-cells. When Fas 

is stimulated, it induces apoptosis in the cell expressing Fas. Fas is expressed 

on the beta cells of individuals diagnosed with Type 1 diabetes. Fas can also be 

induced on normal beta cells when exposed to particular cytokines, such as IFN-

y and lnterleukin-1 (IL-1). Additional factors that may stimulate the caspase 

pathway are perforin, granzyme B, nitric oxide (NO), or oxygen-derived free 

radicals. Perforin and granzyme B are produced by cytotoxic CD8 T-cells and 

cause beta cell membrane disruption leading to apoptosis. The production of NO 

by beta cells and oxygen-derived free radicals by macrophages (APC-antigen 

presenting cells) when exposed to specific cytokines (IL-1 alone or together with 

IFN-y and/or TNF-a) lead to decreased insulin secretion and beta cell apoptosis. 

IL-1, IFN-y, and TNF-a intensify beta cell apoptosis by the up-regulation of Fas 

and FasL 1 NO, and toxic free radical production, as well as mechanisms not yet 

known. Several mechanisms of beta cell apoptosis occur in Type 1 diabetes, 

especially activation of the Fas-FasL pathway (Petrovsky et al., 2002; Petrovsky 

and Schatz, 2003). 

Figure 11.10 shows a schematic of how it is believed the immune system attacks 

and kills beta cells in Type 1 diabetes. 
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Figure 11.10. Beta cell destruction mechanism is believed to occur in Type 1 
diabetes through apoptosis. Type 1 diabetes is T-cell-mediated (CD4 and CD8 
T-cells). Cytotoxic molecules, cytokines (IFN-y, TNF-a , IL-I), granzyme B or 
perforin, or by direct cell-death signals through the Fas pathway mediate T-cell 
cellular destruction. Beta cell apoptosis occurs by activation of the caspase 
pathway by interaction of the death-signalling molecule Fas with FasL and 
production of NO by beta cells and oxygen-derived free radicals by macrophages 
(APC-antigen presenting cells) when exposed to specific cytokines (Petrovsky 
and Schatz, 2003). 



30 

11.2.2 Type 2 Diabetes 

Type 2 diabetes is known to affect 90% of the diabetic population. This type of 

diabetes is largely due to environmental factors, such as decreased physical 

activity and dietary changes leading to obesity. However, genetics is thought to 

play some role. The risk of developing Type 2 diabetes increases significantly if 

there is a family history of this disease. Genetics mainly affects impaired insulin 

secretion and environmental factors further affect beta cell function and tissue 

responses to insulin, such as insulin resistance (Katsilambros and Tentolouris, 

2003). 

Insulin resistance is defined as the inability of insulin to produce its biological 

actions in particular tissues in the body, such as the liver, skeletal muscle, and 

fat. For example, in muscle, there is less glucose uptake and in the liver, hepatic 

glucose production is not suppressed. Therefore, glucose levels in the 

bloodstream cannot be lowered. In patients with insulin resistance, plasma 

insulin concentrations in the bloodstream are similar or higher than those found 

in a non-diabetic. However, non-diabetics are able to produce much higher 

levels of insulin if their blood glucose levels are increased when compared to 

Type 2 diabetics. Therefore, the beta cells in patients with Type 2 diabetes are 

not functioning normally. Insulin secretion is not normal in these patients and this 

continues to decline. However, Type 2 diabetics are able to raise plasma C-

peptide levels, which is a more stable method of determining beta cell reserve 

than insulin, in response to a glucose challenge test. In addition, plasma insulin 

levels in Type 2 diabetics are sufficient to prevent large increases in ketone-body 

formation and triglyceride breakdown which leads to ketoacidosis. Ketoacidosis 

is the result of hyperketonemia, metabolic acidosis, and hyperglycemia. 

However, after 7-10 years of Type 2 diabetes, 60% of Type 2 diabetics require 

insulin treatment (Katsilambros and Tentolouris, 2003). 
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In Type 2 diabetics, beta cell mass decreases by approximately 20-30% 

compared to normal weight non-diabetics; however, insulin secretory capacity 

decreases by approximately 80%. The alpha cell mass remains unchanged or 

may slightly increase in Type 2 diabetics. Abnormal alpha cell function can lead 

to impaired suppression by hyperglycemia, extreme responses to amino acids, 

and decreased responses to hypoglycemia. It is not known whether delta cell 

function is affected by Type 2 diabetes. However, it is known that there is a 

slight decrease in the number of delta cells (Gerich and Smith, 2003). 

II.2.3 Complications of Type 1 and Type 2 Diabetes 

A s time progresses, Type 1 and Type 2 diabetics may begin to experience 

problems with glucagon functionality. Alpha cells are still present within the 

islets; however, they may become insensitive to hypoglycemic conditions. The 

mechanism by which this occurs is not yet known (Nussey and Whitehead, 

2001). 

Furthermore, long-term complications may arise with both Type 1 and Type 2 

diabetes, which adversely affect the quality of life of diabetics. In general, many 

types of tissue in the body are damaged due to high blood glucose levels. It is 

currently believed that high blood glucose causes excessive glucose metabolism 

within cells, leading to mitochondrial overproduction of superoxide (oxygen free 

radicals) as a by-product of the electron transport chain (ETC). Oxygen free 

radicals are known to damage cells through oxidative stress. In summary, 

glucose metabolism begins with glycolysis in the cytoplasm of the cell, where 

NADH and pyruvate are generated. The NADH produced can donate reducing 

equivalents to the ETC or it can reduce pyruvate to lactate. Pyruvate can also be 

transported into the mitochondria and oxidized by the tricarboxylic acid (TCA) 

cycle to produce C O 2 , H 2 O 1 NADH, and F A D H 2 . The NADH and F A D H 2 give 

energy for A T P production through oxidative phosphorylation by the ETC. 
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Superoxide is generated at this point (Taguchi and Brownlee, 2003). As a result 

of tissue damage, complications include the following (National Institutes of 

Health, 2004): 

• Nephropathy. Functioning kidneys keep protein inside the body through tiny 

filters located throughout the kidneys called glomeruli. Glomeruli are the 

blood vessels that make up nephrons, which are the kidney's functional unit 

and are located on the outer layer of the kidneys. Glomeruli clean blood by 

removing wastes, chemicals, and excess water from the blood. Protein is a 

necessity for survival of the human body. High blood sugar and high blood 

pressure damage the glomeruli. This causes the protein to leak out of the 

kidneys and into the urine. Therefore, damaged kidneys are not able to clean 

out waste and extra fluids effectively. This leads to a build up of waste and 

fluids in the blood, as the body is not excreting them. Symptoms of kidney 

damage include leakage of small amounts of albumin, which is a protein, into 

the urine. As damage progresses, the kidneys leak an increasing amount of 

protein. This is called proteinuria. Wastes continue to build up in the blood 

until the kidneys eventually fail. 

• Neuropathy. High blood sugar damages blood vessels carrying oxygen to 

nerves and can also damage the covering on the nerves. This damage to the 

nerves results in messages being sent too slowly, at the wrong times, or not 

being sent at all. Neuropathy mainly affects hands, arms, feet, legs, and 

internal organs, such as the digestive tract, heart, and sexual organs. 

• Limb Amputation. An increase in blood sugar can cause nerve damage and 

poor blood flow in the legs and feet. Damaged nerves may not allow a 

diabetic to feel pain, heat, or cold and therefore cuts and sores can progress 

into infection or larger sores as extra sugar feeds the germs. Poor blood flow 
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results in not enough healthy blood flowing to the legs and feet. This hinders 

the healing process for infections and sores. This is termed peripheral 

vascular disease. Infections can lead to gangrene, which is death of the skin 

and tissue around the sore. In order to prevent gangrene from spreading, 

amputation may be required. 

Skin Problems. High blood sugar can cause the body to lose fluid. This 

leads to dry skin. Dry skin can be itchy which leads to scratching and the 

formation of sores. Germs enter the cracks and cause infection. Again, 

sugar feeds the germs and the infection becomes worse. Dry skin also 

results from the lack of messages being sent to the legs and feet to sweat. 

Atherosclerosis. Diabetes can increase the cholesterol in the blood. 

Cholesterol is made by the body and used for many important functions. An 

increase in cholesterol causes the clogging and therefore narrowing of the 

insides of large blood vessels. This leads to difficulty in getting sufficient 

healthy blood to all parts of the body. 

Gum Disease. An increase in blood sugar fosters bacterial growth on the 

teeth. A film of bacteria is called plaque. This leads to redness, soreness, 

and swelling of the gums that bleed upon brushing. This condition is called 

gum disease. The occurrence of this is high in diabetics as high blood sugar 

can elevate such problems. This may lead to the loss of teeth. Gum disease 

may lead to periodontitis, which is an infection in the gums and the bone that 

holds the teeth in place. This may lead to the gums pulling away from the 

teeth exposing the roots of the teeth. 

Retinopathy. High blood sugar and high blood pressure can affect the 

retina, vitreous, lens, and optic nerve. The retina, which senses light entering 

the eye, is the innermost layer of the eye and lines the vitreous chamber. The 
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vitreous chamber holds a gelatinous mass filling the back of the eye and 

helps stabilize the shape of the eye and provides physical support to the 

retina. The lens, which focuses light on the retina, is located at the front of 

the eye. The optic nerve is the main nerve to the brain. 

Retinal damage occurs slowly. There are tiny blood vessels in the retina that 

are easy to damage. High blood sugar and high blood pressure for extensive 

periods of time can damage these vessels. These vessels swell and weaken, 

which then leads to the clogging of these vessels restricting the flow of blood. 

As retinal problems worsen, new weak blood vessels grow. Since they are 

weak, they break easily and therefore leak blood into the vitreous of the eye. 

This blood prévents light from reaching the retina. Surgery may be required 

to remove the blood. With time, the swollen and weak blood vessels may 

form scar tissue, therefore pulling the retina away from the back of the eye. 

Detachment of the retina can cause loss of sight or blindness. 

11.3 SUMMARY 

This chapter has presented information on the human pancreas, its cellular 

components and functions, and diseases afflicting the pancreas. This 

introduction will enable a better understanding of the material discussed in the 

next chapter. 

Chapter III will deal with current treatment options for Type 1 and Type 2 

diabetes, in addition to treatment limitations, research milestones to date, and 

potential treatment methods, which may revolutionize the way in which diabetes 

is treated by significantly improving the quality of life of diabetics. 
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CHAPTER I 

LITERATURE REVIEW 

This literature review discusses the background material required to gain a 

complete understanding for the work accomplished in this thesis. This section 

will discuss current treatment methods for diabetes, which may be ineffective, as 

well as potential treatment methods, which have shown promise in effectively 

treating Type 1 diabetics. 

111.1 TREATMENT METHODS FOR DIABETES 

Ill-1.1 Current Treatment Methods 

Current treatment methods for Type 1 and Type 2 diabetes are drug therapy, 

exercise, and dietary restrictions. However, other treatment options for Type 1 

diabetes may be pancreas organ transplantation and islet cell transplantation. 

The following sections will discuss each method of treatment along with its 

benefits and limitations. 

III.1.1.1 DrugTherapy 

There is presently no cure for diabetes; therefore, patients suffering from this 

disease need to follow treatments for the rest of their lives. Drug therapy 

consists of insulin injections and oral hypoglycemic drugs in attempts to prevent 

hyperglycemia. 
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Human insulin is used for insulin therapy and is produced biosynthetically 

through recombinant DNA technology using bacteria, as human insulin does not 

require many posttranslational modifications (Heinemann, 2003). Escherichia 

coli (E. coli) is chosen because it rapidly reproduces, can be engineered to 

produce large amounts of protein, in this case insulin, and is capable of 

disulphide formation which is required for the production of insulin (Jonasson et 

al., 2002). E. coli contains a circular extrachromosomal DNA, called a plasmid, 

that is capable of integrating foreign DNA (Campbell, 1996). A human proinsulin 

gene is introduced into the plasmid of E. coli to produce proinsulin. This is 

followed by various processing steps including oxidative sulphitolysis, 

chromatography, folding and disulphide bond formation, and then gel filtration. In 

the last step, proinsulin is enzymatically cleaved to form insulin and C-peptide. 

The insulin produced using this technology contains an amino acid sequence 

identical to that of human insulin (Heinemann, 2003). See Figure 111.1 for a 

detailed procedure on the synthetic production of human insulin. 

Treatments for Type 1 Diabetes 

The most common method of treating Type 1 diabetes is frequent insulin 

injections. Insulin is administered subcutaneously with syringes or by devices 

that look like pens, which are pre-filled with insulin and an attached needle. The 

objective of insulin therapy is to mimic insulin secretion in a non-diabetic, which is 

slow throughout the day at a basal level and increases during meals. There are 

two forms of insulin used by Type 1 diabetics. The first form is rapid-acting and 

is injected before a meal in order to stimulate insulin secretion from the beta 

cells. The second form is long-acting and injected 1-2 times daily to mimic basal 

insulin secretion from the beta cells (Slama, 2003). 

The two forms of insulin, rapid-acting and long-acting, are produced by 

modifications made to the amino acids at position B26-B30 of the insulin 

molecule, as amino acids at these particular locations are not critical for insulin 
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Figure 111.1 _ Recombinant DNA technology for the production of human insulin 
from Escherichia coli. Shown are the bioprocessing steps included in the 
manufacturing facility (Heinemann, 2003). 
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receptor recognition. Rapid-acting insulin have rearranged or substituted key 

amino-acid residues so that cohesion forces are reduced, thus discouraging self-

association. Therefore, insulin dimers dissociate quickly into rapidly absorbed 

monomers. Adding retarding mechanisms into the insulin molecule produces 

long-acting insulin. Absorption is slowed down by altering the isoelectric point of 

insulin to neutrality by altering the pH through substitution of basic amino acids at 

the C-terminal section of the B chain on the insulin molecule. Soluble, non-

particulate insulin without substances that are foreign to the body, and stable in 

the acid solution formulation is thus produced. Upon injection of long-acting 

insulin, the insulin molecule reassociates into hexamers after coming in contact 

with the relatively alkaline environment of interstitial fluid. This causes 

crystallization and slower dissociation of the insulin (Bailey, 2003). 

Injection is usually convenient and virtually painless due to thin needles and 

disposable syringes. Insulin analogues are now made using genetic and protein 

engineering. However, there are limitations to insulin therapy. The first limitation 

is that insulin injected subcutaneously has inconsistent absorption, which leads 

to erratic blood glucose control. The second issue with insulin therapy is that 

insulin injections are taken prior to consumption of a meal, whereas in the non-

diabetic beta cells produce insulin after consumption of a meal (Slama, 2003). 

Lastly, normal insulin delivery is into the portal circulation and the liver extracts a 

large amount, whereas in subcutaneous injections, insulin delivery is into the 

systemic circulation. Therefore, in insulin-treated individuals, the liver encounters 

lower insulin concentrations as compared to that encountered by peripheral 

tissue (Rosenberg, 1998). This may be important since it has been found that 

the liver cannot produce and release enzymes required by the body (i.e. eyes, 

kidneys, heart, brain, circulatory system and other functions) when it is not 

stimulated by pulsating insulin (Diabetic Treatment Centers of America, 2004). 
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In addition to insulin therapy, Type 1 diabetics must carefully monitor their diet. 

Foods with a low glycémie index can be consumed. The glycémie index is a 

ranking of carbohydrates based on its effect on blood glucose levels. This index 

is calculated for different carbohydrates by comparing their effect on blood 

glucose levels to the effect of a reference food, commonly glucose. 

Carbohydrates with a high glycémie index are broken down quickly during 

digestion, therefore increasing blood glucose levels quickly. Carbohydrates with 

a low glycémie index are broken down slowly, thus blood glucose levels increase 

gradually (Canadian Diabetes Association, 2004). 

Furthermore, it is important to correctly time and dose the insulin injection, such 

that it is taken before food consumption (i.e. 15-30 minutes before) and matches 

the content of the meal. Exercise is not required for blood glucose control; 

however, it is required for the overall health of the diabetic individual. Diabetics 

must also be careful not to achieve a state of hypoglycemia, which occurs when 

blood glucose levels are too low. The treatment for this is to consume food that 

contains glucose. Blood glucose monitoring is required 3-6 times daily. This 

involves pricking of the finger with a needle and using a glucose-meter to 

measure capillary blood glucose levels. 

Treatments for Type 2 Diabetes 

During the early stages of Type 2 diabetes, it is possible to control blood glucose 

levels through lifestyle changes, such as diet and exercise. However, eventually 

oral hypoglycemic agents are required to adequately control blood glucose 

levels. Insulin secretagogues are prescribed to individuals who have a deficiency 

in insulin, and insulin sensitizers are prescribed to individuals who are insulin 

resistant. However, these can be ineffective, as they lower blood glucose levels 

by only 4 - 5 mmol/L. Normal blood glucose levels are 6.5 - 7.5 mmol/L and less 

than 9.0 mmol/L two hours after meal consumption. However, fasting blood 

glucose levels for diabetics can reach 13 mmol/L, and post-meal blood glucose 
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levels can reach 20 mmol/L; therefore, these oral hypoglycemic agents do not 

provide adequate control. The final form of treatment for Type 2 diabetes as it 

progresses is insulin therapy identical to that used by Type 1 diabetics 

(Katsilambros and Tentolouris, 2003). 

The use of insulin therapy, dietary restrictions, physical exercise, and carefully 

monitored blood glucose levels may be ineffective in controlling blood glucose 

levels in some Type 1 and Type 2 diabetic patients. This inadequate blood 

glucose control may result in complications such as kidney failure, blindness, 

heart disease, and limb amputation (see Section II.2.3). 

III.1.1.2 Pancreas Organ Transplantation 

One form of treatment investigated by researchers is pancreas organ 

transplantation. The first attempt to cure Type 1 diabetes was through organ 

transplantation in 1911, but due to the lack of immunosuppression the graft was 

rejected and removed. However, decades later, after the development of 

effective immunosuppresion, pancreas transplantations have been successful in 

reversing diabetes and thus eliminating the need for daily insulin injections 

(Petrovsky et al., 2002). However, this form of treatment is not possible for all 

diabetics due to the limited donor supply and the chance of rejection by the 

immune system. The current supply of organ donors only serves 0.1% of the 

Type 1 diabetic population (Shapiro et al., 2001). 

Furthermore, pancreas transplants require invasive surgery and are usually 

performed on patients who have also experienced kidney failure. Kidneys are 

vital to the patient's survival and kidney failure requires immediate 

transplantation. However, immunosuppressants are required after the 

transplantation to avoid immune rejection of the kidneys. Diabetes is not 

considered as severe; therefore pancreas transplantations are avoided due to 
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immunosuppressants, which put the patient at considerable risk. Furthermore, 

pancreas transplantations are not generally performed on children as the risks 

associated with immunosuppressants far outweigh the benefits. When failure 

occurs in both the pancreas and kidneys, they are transplanted simultaneously 

(Efrat, 2002; Logdberg et al., 2003; Shapiro et al., 2001). 

III.1.1.3 IsIetTranspIantation: EdmontonProtocoI 

In recent years, research has progressed in the area of islet cell transplantation 

as an alternate form of treatment. Transplantation of islet cells in patients 

suffering from Type 1 diabetes shows promise in revolutionizing the treatment of 

diabetes. Independence from insulin injections, blood glucose monitoring, and 

dietary restriction would improve the quality of life for patients with successful 

islet transplantations. Further advantages of islet transplantation include: 

1) simple surgical injection of islets, removing the need for invasive surgery, 

2) possibility of simple re-transplantation for graft failures, 3) elimination of 

complications with the exocrine pancreas, 4) possibility that islets are less 

immunogenic, 5) possibility of modifying islets in vitro before transplanting, 

6) encapsulating islets to prevent host immune attack, and 7) possibility of 

xenotransplantation to overcome supply of human islets (Rosenberg, 1998). 

Recent studies show that a new approach, which entails the transplantation of 

islet cells into the hepatic portal vein of the patient, provides the patient with 

sufficient insulin to eliminate the need for regular insulin injections. Once the 

cells are injected into the hepatic portal vein via a percutaneous catheter, they 

travel to the blood capillaries in the liver and lodge in the distal portal venules 

where they become vascularized and innervated (Logdberg et al., 2003). See 

Figure III.2. The liver was chosen as an implantation site as it is highly 

vascularized and therefore allows the cells to be in close proximity to blood 

capillaries to receive nutrients for survival and to release its products. This 

procedure has been in place since 1987; however, it became an effective 
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Figure III.2. Islet transplantation into a Type 1 diabetic. Islets isolated from a 
cadaver pancreas and transplanted into the hepatic portal vein in the liver of the 
recipient (Juvenile Diabetes Research Foundation, 2001). 

approach to diabetes treatment in 1999 with advances in islet purification and the 

development of a novel steroid-free immunosuppressive regime (Daclizumab, 

Sirolimus, and low dose Tacrolimus), which affect T-cell activation, production, 

and signal transduction (Binette et al., 2001; Bretzel, 2003; Oberholzer et al., 

2003; Sharpiro et al., 2000). This type of immunosuppression is more effective 

than those containing steroids, as steroids cause post-transplant diabetes as 

they lead to hepatic and peripheral insulin resistance and impaired insulin 

secretion (Rosenberg, 1998). 

The limitation of this procedure is supply. The current supply of donor islet tissue 

only allows for the treatment of less than 0.5% of insulin-dependent diabetics 

(Lechner and Habener, 2003). Each recipient requires a minimum of 9000 islet 

equivalents (where one islet equivalent corresponds to a standard 150 Lim 
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diameter islet) per kilogram of their body weight, which translates to 

approximately 50% of the number of islets in a normal adult pancreas. 

Therefore, 2 to 3 cadaver pancreases may be required (Binette et al., 2001; 

Oberholzer ef al., 2003). There is a great need to develop protocols to expand 

this tissue outside of the human body, such that one cadaver pancreas can treat 

multiple patients. Current research focuses on treating Type 1 diabetes due to 

its severity. However, 90% of the diabetic population is suffering from Type 2 

diabetes. Eventually, researchers will need to focus on treating those individuals 

as well. However, it may be possible that ten times more cells will be required for 

those patients in order to overcome the effects of insulin resistance (Shapiro et 

al., 2001). 

Human Islet Isolation Protocol 

A continuous, controlled, automated digestion process has been developed to 

increase the yield of islets obtained from donor pancreases. This process begins 

with the cannulation of the duct in the pancreas. A perfusion solution containing 

collagenase is then added into the duct system of the pancreas. The pancreas is 

then cut into several pieces and placed into the Ricordi Chamber containing 

stainless steel spheres. A perfusion solution (Human Liberase) is allowed to 

circulate through the system at 35°C while a mesh screen prevents tissue 

fragments from exiting the chamber. The chamber is agitated throughout to aid 

in the dissociation of the pancreas and release of islets. Throughout the process 

samples are taken and stained with dithizone, which is an islet-specific stain as it 

stains the zinc molecules in insulin granules. Once most of the islets are free 

from the exocrine tissue, decreasing the temperature of the dissociation solution 

stops the enzymatic digestion. The tissue is then collected and University of 

Wisconsin medium (proprietary solution) is added to make the exocrine cells 

denser. A Ficoll gradient is then used to separate the endocrine tissue from the 

exocrine tissue. This process yields up to 4000 islets/gram of pancreas, which is 

25% of the total islet population as the rest of the islets are lost during the 
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digestive process (Logdberg et al., 2003). The final endocrine cell population 

consists of approximately 24% beta cells, 10% alpha cells, and 4% delta cells as 

well as 23% ductal cells (Shapiro et al., 2001). Islet transplantation requirements 

include an islet purity of greater than 30%, a product yield of 4000 islet 

equivalents/kg of recipient body weight or higher, a viability of 70% or greater, a 

packed cell volume less than or equal to 10 ml_, and a negative gram stain 

(Logdberg et al., 2003). Transplants carried out by the Edmonton group have 

shown that insulin independence is achieved with 9000 islet equivalents/kg of 

recipient body weight, therefore requiring 2 to 3 pancreases per transplantation 

(Ryan et al., 2001). 

Another method of purifying islets is by magnetic beads attached to islet-specific 

antibodies. However, this has been difficult to use with human islets (Nandigala 

et al., 1997). To date, fluorescence-activated cell sorting has not been 

successful due to the inability to specifically label islets with a fluorescent dye. 

However, Lukowiak et al. (2001) have identified a zinc-sensitive fluorescent 

probe that specifically labels zinc in beta cells. Zinc ions play a role in the 

binding of insulin molecules into hexamers within the secretory granules in the 

beta cell (Sondergaard et al., 2003). 

Edmonton Protocol Success 

Up until May 2003, 54 patients in Edmonton had undergone islet transplantation 

but some have had to go back to insulin therapy. However, their symptoms are 

now as mild as those of Type 2 diabetics and not as severe as they were as 

Type 1 diabetics. There were five cases reported in which transplants did not 

work due to rejection by the immune system. There were 17 patients 

independent of insulin therapy and 18 patients who have had to go back to 

insulin therapy three years after the transplantation. The remaining patients were 

still undergoing transplants in May 2003. Blood glucose levels of those 18 

patients currently on insulin therapy are now stable like that experienced by Type 
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2 diabetics, as opposed to dangerously out of control (Ryan et al., 2002). The 

Edmonton Protocol has resulted in 70% of the islet cells working three years after 

transplantation (Diabetes Portal, 2003). There are currently nine centers around 

the world performing islet transplants using the Edmonton Protocol (American 

Diabetes Association, 2004). 

III.1.2 Potential Treatment Methods 

The previous section mainly dealt with current treatments of Type 1 diabetes with 

a brief overview of the treatment of Type 2 diabetes. Due to the severity of Type 

1 diabetes, research on alternate treatments is ongoing. This section will discuss 

potential treatments, such as autologous transplantation, xenotransplantation, 

and the use of stem and genetically engineered cells in the treatment of Type 1 

diabetes and in some cases its applicability to Type 2 diabetes. 

III.1.2.1 Autologous Transplantation 

Autologous transplantation is defined as cells derived from and transplanted in 

the same individual (i.e. the individual is both the donor and recipient). It is 

usually performed on individuals undergoing pancreatectomy due to pancreatitis. 

The section of the pancreas that is removed is digested to isolate the islets. 

These islets are then reinjected into the hepatic portal vein of the patient to 

prevent diabetes. Results have shown that initially islets are dysfunctional and 

over time can lose the ability to achieve normoglycemia in the individual. This 

indicates that there may be other damaging factors in addition to those induced 

by the immune system (Oberholzer et al., 2003; Wahoff et al., 1995). This 

process of autologous islet transplantation is mainly applicable for Type 2 

diabetics, however, it may be applicable for Type 1 diabetics who have not 

experienced complete destruction of the beta cells in their pancreas, but 

immunosuppression would be a requirement. This process may also be applied 

for allogeneic transplantation into both Type 1 and Type 2 diabetics, however 

immunosuppression would be required in both cases. 
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III.1.2.2 Xenotransplantation 

Xenotransplantation is defined as any procedure involving the transplantation, 

implantation, or infusion of live cells, tissues, or organs from a nonhuman animal 

source into a human. Xenotransplantation involving implantation of pig islet cells 

into humans is an attractive alternative to islet tissue supply as pigs are 

morphologically and physiologically similar to humans (detailed in Section III.2). 

However, one of the major drawbacks of xenotransplantation is immune 

rejection, whereby xenoreactive antibodies in the recipient bind to antigens 

present on the cells within the graft. This leads to the complete destruction of the 

transplanted tissue (Binette et al., 2001; Korbutt et al., 1998; Rayât et al., 1999). 

Alternatives to by-pass the immune system are donor-specific tolerization, celi 

encapsulation, and genetic engineering of cells with immunoprotective genes 

(Efrat, 2002). Another major drawback of xenotransplantation is the transmission 

of porcine endogenous viruses to humans, which is discussed later in this 

chapter. 

Adult pig islet tissue has been found to be very fragile and fetal pig tissue has 

been found to respond poorly to glucose. To date, neonatal porcine pancreatic 

cells have been determined to be suitable for transplantation. This tissue 

digested with collagenase can be successfully cultured for 9 days and respond to 

glucose challenge tests in vitro by secreting meaningful amounts of insulin 

(Binette et al., 2001 ; Korbutt et al., 1996; Korbutt et al., 1998). 

Clinical trials of transplantation of neonatal pig pancreatic cells have begun in 

Sweden, New Zealand, and Mexico (Oberholzer et al., 2003). Thus far, there 

has been no evidence of porcine endogenous retrovirus infection in these 

patients (Bretzel, 2003). 

A pilot trial was carried out by Groth et al. (1994) in which fetal (gestational age 

of 66-81 days) porcine islet-like cell clusters were injected either intraportally or 
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placed under the kidney capsule, which is a layer of collagen fibers that covers 

the outer surface of the kidney, in ten insulin-dependent diabetic patients. A 

major drawback to this protocol was that 39-100 fetuses were required to treat a 

single patient, with a yield of 10,000 islet-like cell clusters per fetus. Patients 

were monitored and porcine urine C-peptide was measured with a 

radioimmunoassay to determine islet function in vivo. A latent period was 

observed before porcine C-peptide was detected. This was believed to likely be 

due to maturation and differentiation of fetal precursor cells into beta cells. 

Although the patients had to resume insulin therapy, these investigations showed 

that porcine cells could be transplanted into diabetic patients and survive in the 

human body for several months. 

Porcine Endogenous Retroviruses (PERV) 

A major issue with xenotransplantation is the possibility of the transmission of 

porcine endogenous retroviruses (PERV) from the graft to the recipient (Rayât et 

al., 1999). A retrovirus has a genome consisting of RNA and uses reverse 

transcriptase to perform reverse transcription of its genome from RNA into DNA 

for insertion into the host's genome. The virus itself is just a storage form for its 

RNA, however, reverse transcription occurs in the host. The genome of P E R V is 

present in the germline of every pig and multiple copies are integrated into the 

pig genome. Furthermore, P E R V particles are released spontaneously from the 

cells. The dangers of P E R V may outweigh the benefits of xenotransplantation 

today, as once an individual is infected with P E R V , it is lifelong and studies to 

date have shown the capability of P E R V to infect human cell lines in vitro (Blusch 

et al., 2002; Rayet et al., 1999). However, it is also known that in vitro infection is 

not always indicative of in vivo infection. Furthermore, because pigs are not a 

species close to humans, as are non-human primates, the risk of infection may 

be low. On the other hand, risks may include the existence of novel pathogens 

existent in the pig genome that are unknown to us today (Bach et al., 1998). 
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Immunomodulation and Immunoisolation 

In order to prevent the immune system from attacking transplanted islets, two 

methods can be employed. The first involves depleting antigen-presenting cells 

(APC) from islets or through methods that cause the inactivation of A P C This 

has been achieved with animal models and has prolonged the survival of grafts 

(Kenyon era/., 1998). 

The second method of preventing the immune system from destroying the graft is 

by placing the islets in an immunoisolating device composed of a semipermeable 

membrane that allows passage of nutrients, secretagogues, and insulin, which 

are low molecular weight substances, but prevents antibodies, which have higher 

molecular weights, from entering and attacking the tissue. To date, the most 

successful form of immunoisolating device has been the microcapsule. Islet 

microencapsulation entails encapsulating each islet in a spherical 

semipermeable membrane. This shape allows for a higher diffusion capacity due 

to a higher surface-to-volume ratio. It has been found that microcapsules cannot 

be easily disrupted, are mechanically stable, are easily manufactured, and are 

implantable into the patient by a simple injection (de Vos et al., 2002). 

Five hundred to 1000 capsules in animal studies, each consisting of one islet, 

have been injected into the peritoneal cavity as sites that allowed for successful 

islet transplantation such as the liver, spleen, and kidney capsule were not able 

to carry volumes of capsules required for transplantation. Experiments show that 

the peritoneal cavity is not a suitable site for an islet graft. Islets within capsules 

were found to have necrotic areas and this implies that there are not enough 

nutrients being supplied to the islets. This may be due to the insufficient blood 

supply, as the peritoneal cavity is not highly vascularized. However, the 

peritoneal cavity is the only site that can support an encapsulated islet graft given 

the volume of islets required. This is due to the fact that capsules produced 

range from a diameter of 500 Lim to 800 Lim, which is quite large to be injected 
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into the hepatic portal vein (de Vos et al., 2002). Furthermore, beta cells require 

large amounts of oxygen for survival and function (Efrat, 2002). 

Despite the somewhat promising results obtained in animal studies, islet 

encapsulation and transplantation has not progressed to the point that it can be 

used to treat diabetes patients. Research in this area continues, and only one 

clinical trial has been carried out on a human without success (Orive et al., 

2003) . 

Current challenges of islet encapsulation include technological and biological 

limitations, as well as ethical, political, and regulatory obstacles. Important 

considerations for clinical success are a source of functional cells, a 

biocompatible and stable membrane that provides immune protection to the 

implanted cells, functional performance, biosafety, and long-term survival of the 

graft. Further challenges include: lack of clinical-grade polymers, production of 

uniform capsules, use of immune-compatible polycations, suitable cell types for 

immobilization, and finally an optimal transplantation site (Orive et al., 2003). 

Immunoprivileged Cells: Sertoli Cells 

Research has shown that transplantation of islets with Sertoli cells, which are 

from the testis, may prevent an immune attack on the islets (Halberstadt et al., 

2004) . Specific areas of the body, such as the brain, anterior chamber of the 

eye, and testis, are immunologically privileged, as their extracellular fluid does 

not communicate with the rest of the body through the lymphatic system due to a 

barrier. Therefore, antigens at these specific sites are isolated from the rest of 

the body. In fact, porcine cells are already in use for transplantation into the 

brain of patients suffering from neurological disease (Deacon et al., 1997). 

Allogeneic and xenogeneic transplants are known to survive in the testis with 

small amounts of immunosuppression (Emerich et al., 2003). The exact 

mechanism by which Sertoli cells inhibit immune attack is not fully known. 
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However, Sertoli cells produce many types of proteins, which include 

immunoregulatory factors such as Fas Iigand and transforming growth factor 

(TGF-p), which are known to suppress inflammatory and immune responses 

(Suarez-Pinzon et a/., 2000). Furthermore, it is believed that Sertoli cells 

produce factors that inhibit immune responses by secreting a number of 

immunosuppressive agents, such as clusterin. The mechanism by which 

clusterin suppresses the immune system is not fully known; however, this protein 

has been shown to hinder complement-mediated cell lysis (Rayat er a/., 1999). 

III.1.2.3 StemCeIIs 

Mammalian tissue consists of two types of cells. These are differentiated 

(specialized) cells and undifferentiated (primitive) cells. Tissue generally consists 

of a greater number of functional cells that are specialized and cannot divide. 

Precursor cells include both stem and progenitor cells. Progenitor cells are 

undifferentiated, however, they have committed to a differentiation pathway. 

However, multipotent adult stem cells are undifferentiated cells that have the 

ability to form all the cell types within a particular tissue. For a cell to be 

characterized as a stem cell it must exhibit the following characteristics (Kallos, 

1999): 

(1) Self-Renewal - at each cell division, the stem cell must produce 

one other stem cell so that there is a constant number of stem cells 

within the tissue throughout the lifespan of the organism; 

(2) Proliferation - cells must be able to divide and increase in number 

caused by cyclic changes in gene expression; 

(3) Generation of a large number of differentiated, functional progeny -

cells must have ability to generate number and diversity of cells that 

make up that particular tissue; 
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(4) Retention of multilineage potential over time - cells must retain 

potential to develop into different types of differentiated cells that 

make up that particular tissue over the lifespan of that organism; 

(5) Generation of new cells in response to disease or injury - cells 

must be able to replace tissue lost by disease or injury by 

generating new tissue. 

Stem cells, such as the hematopoietic, neural, and mesenchymal, are known to 

exist. However, the possible existence of stem cells in the pancreas continues to 

elude researchers around the world. Currently, there are varying theories of the 

identity of the pancreatic stem cell. There is evidence to support that nestin-

positive cells, small cells, ductal cells, or acinar cells, which are all present in the 

pancreas, are the precursor cells of beta cells. However, recent research, 

discussed in detail in Section III.1.2.4, has shown that beta cells may not develop 

from stem cells in mice, rather they self-renew (Dor et al., 2004). The current 

limitation on the use of stem cells is that protocols to identify, expand, and 

differentiate these cells are yet to be developed. The next few sections will 

discuss research related to factors within the developing pancreas and each of 

the possible cell types believed to be pancreatic stem cells. 

Factors in the Developing Pancreas 

All pancreatic precursor cells express the pancreatic and duodenal homeobox 

gene-1 transcription factor, PDX-1 (also known as IPF-1, IDX-1, and STF-1) 

(Lechner and Habener, 2003). Specific cells in the pancreas and duodenum 

express PDX-1. Its expression begins in the gut endoderm and continues on 

through beta cell maturation (Binette et al., 2001; Fernandes et al., 1997; Peck 

and Ramiya, 2004). Studies by Fernandes et al. (1997) showed that PDX-1-

positive beta cell precursor was present in the mouse adult pancreas and was 

able to differentiate in response to an injury to the islet, such as exposure to STZ. 

A s pancreatic cells differentiate, exocrine cells lose expression of PDX-1 and 
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eventually express amylase. On the other hand, endocrine cells continue to 

express this factor; however, alpha cells stop expressing PDX-1 once they begin 

to produce glucagon, whereas beta cells continue to express this factor. 

Research also shows that as beta and alpha cells develop they begin to express 

Pax 6 (Binette er al., 2001). PDX-1 is required for insulin expression, insulin 

processing, and glucose-stimulated insulin secretion. Therefore, PDX-1 is vital 

for beta cell function. The inactivation of this factor in adult mice has led to 

diabetes in these mice (Edlund, 2002). 

Neurogenin-3 has also been found to be a marker of endocrine progenitor cells 

(Peck and Ramiya, 2004; Scharfmann, 2003; Schwitzgebel et al., 2000; Soria, 

2001). Furthermore, studies on human fetal pancreatic cells in vitro have shown 

that activin A, which is a member of the TGF-p family, induces endocrine 

differentiation, and betacellulin, a member of the epidermal growth factor (EGF) 

family, has a mitogenic effect on undifferentiated pancreatic epithelial cells 

(Demeterco et al., 2000). 

Currently, there are two major theories by which beta cells develop: 1) 

proliferation of pre-existing beta cells and 2) differentiation of ductal cells into 

beta cells. However, a new theory of dedifferentiation of acinar tissue into a 

ductal precursor phenotype and then transdifferentiation of ductal cells into 

endocrine cells has recently developed. Dedifferentiation is the loss of 

specialization by a mature cell type to become a more primitive cell type. 

Transdifferentiation is the differentiation of a specialized cell type into another 

specialized cell type (Binette et al., 2001; Edlund, 2002). 

Recent research has shown that two growth factors, E G F and fibroblast growth 

factor (FGF), stimulate growth and morphogenesis of the pancreas. These 

factors may be required for the proliferation of pancreatic stem cells, as these 

factors are expressed in the developing pancreas. Furthermore, there is 
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evidence that F G F controls beta cell function and blood glucose levels in mice 

(Edlund, 2002). 

Guz et al. (2001) reported the existence of beta cell precursors within adult 

mouse islets. Diabetes was induced in mice using STZ; however, after 

exogenous insulin therapy, GLUT-2-positive and PDX-1-positive cells within 

islets differentiated into beta cells within one week. However, these cells were 

not tested for functionality. 

Embryonic Stem Cells 

Embryonic stem cells are totipotent and the use of these cells in the treatment of 

Type 1 diabetes would be a major breakthrough for islet transplantation. The 

advantages of using these cells would be the possibility of expanding and 

differentiating these cells into fully functional islets containing all of the islet cell 

types due to the totipotency nature of these cells. Furthermore, therapeutic 

cloning may be possible, which involves the following: 

1. Obtain healthy cells from the patient. 

2. Reprogram the cell's nuclei by somatic cell nuclear transfer. Somatic 

cells are all body cells except reproductive cells. This involves 

removing the nucleus from an unfertilized egg cell, called an 

enucleated oocyte, and then fusing the nucleus of a somatic cell with 

the enucleated oocyte. The nucleus of the somatic cell provides the 

genetic information and the oocyte provides the nutrients and other 

energy-producing materials necessary for development of an embryo. 

3. After fusion, the cell is totipotent. Use an electric pulse to activate 

embryonic development. 

4. Isolate the inner cell mass of the blastocyst. 

5. Expand these embryonic stem cell clones. 
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6. Induce these cells to differentiate into committed progenitor or mature 

cells. 

7. Transplant these cells into humans for therapeutic use. 

This would eliminate the risks associated with xenotransplantation and allogeneic 

transplantation for both Type 1 and Type 2 diabetics. This would also allow for 

autologous transplantation, however, immunosuppression would still be a 

requirement for Type 1 diabetics (The Medical Research Council, 2004; 

Wakayama et al., 2001). 

Researchers have also performed studies on embryonic stem cells not involving 

therapeutic cloning. In 2001, Lumelsky et al. reported producing a population of 

murine embryonic cells expressing insulin as well as glucagon, somatostatin, and 

pancreatic polypeptide. These cells were subjected to functionality tests and 

showed some degree of glucose-stimulated insulin secretion. However, upon 

transplanting these cells into diabetic mice, they were not able to correct 

hyperglycemia. Rajagopal et al. (2003) have proposed the uptake of insulin by 

embryonic stem cells from the medium, which was likely the case in studies by 

Lumelsky et al. (2001). Therefore, a fraction of the cells were positive for insulin 

due to exogenous insulin (insulin from the culture medium) as opposed to 

endogenous insulin (insulin produced by the cells). 

Studies have also shown that mouse embryonic stem cells can be differentiated 

into insulin-secreting cells and are capable of restoring blood glucose levels upon 

transplantation into STZ-induced diabetic mice (Soria et al., 2001). 

One particular disadvantage of embryonic stem cells is the lack of control and 

directed differentiation of these cells. The suspension culture of these cells has 

thus far resulted in embryoid bodies that contain partially differentiated cells. 
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Furthermore, purification of differentiated cells remains an issue (Itskovitz-Eldor 

et al., 2000; Zandstra et al., 2003). 

Bone Marrow-Derived Stem Cells 

Bone marrow-derived stem cells have been shown to be pluripotent in nature, as 

they are able to differentiate along muscle, liver, brain, and epithelial lineages 

(Choi et al., 2003; Hess et al., 2003). There is also evidence that these stem 

cells migrate throughout the body and can differentiate into cell types required at 

locations of tissue injury (Choi et al., 2003). Hess et al. (2003) have 

demonstrated that transplantation of adult mouse bone marrow-derived stem 

cells positive for the marker c-kit, a marker of hematopoietic stem cells, into the 

tail vein of mice models of diabetes could reduce hyperglycemia. This was 

achieved through initiation of endogenous pancreatic tissue regeneration by 

these cells through mechanisms not yet known. In vivo studies by Choi et al. 

(2003) in mice models of diabetes, with a previous bone marrow cell 

transplantation into the tail vein, showed that bone marrow-derived cells do not 

differentiate into beta cells. However, studies by Ianus et al. (2003) have shown 

that after transplantation of murine bone marrow-derived cells into the tail vein of 

mice models of diabetes, glucose-responsive cells are produced from these bone 

marrow-derived cells. Therefore, due to contradicting results reported in the 

literature, the role of bone marrow cells in the regeneration of the pancreas is yet 

to be established. 

Nestin-Positive Pancreatic Cells 

Nestin is an intermediate filament protein that aids cytoskeletal formation and 

faciliatates processes such as migration and mitosis (Street et al., 2003). Cells 

expressing nestin have been found in the developing central nervous system and 

have been identified as neural stem cells (Lendahl et al., 1990). However, 

nestin-positive cells have also been identified in both the developing and adult 
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human pancreas (Huang and Tang, 2003; Humphrey et al., 2003; Street et al., 

2004a; Zulewski et al., 2001). 

Results reported by Zulewski et al. (2001) showed that rat and human nestin-

positive cells could be induced to differentiate into endocrine cells. Abraham et 

al. (2004) reported that a population of nestin-positive cells isolated from human 

adult pancreatic islets could differentiate into islet-like clusters and produce islet 

hormones. Furthermore, this research group reported that these cells did not 

express either class I or class Il major histocompatibility (MHC) antigens and 

therefore could be transplanted into immunocompetent mice without the need for 

immunosuppression. 

Huang and Tang (2003) were successful in isolating and expanding human fetal 

nestin-positive islet-derived progenitor cells that formed 3D islet-like cell clusters. 

These cells also displayed the ability to reverse diabetes in diabetic mice. 

Furthermore, Wu et al. (2004) have shown that nestin- and vimentin-positive cells 

from the human fetal pancreas can be expanded and induced to differentiate into 

islet-like cells in vitro, and can successfully control blood glucose levels upon 

transplantation into mice models of diabetes. 

However, controversy exists over the function of nestin-positive cells in the 

pancreas. Evidence shows that these may be mesenchymal cells within the 

pancreas (Edlund, 2002). Furthermore, Street et al. (2004a) recently showed 

that nestin is not co-expressed with endocrine cells and is rarely co-expressed 

with ductal cells in the human pancreas. However, they found higher levels of 

co-expression of nestin with vimentin. Vimentin is known to be a mesenchymal 

marker (Humphrey et al., 2003; Street et al., 2004a). Therefore, it may not be 

possible to use nestin as an islet precursor marker as further demonstrated by 

Piper et al. (2002), in which they found nestin-positive cells to prelude the 

development of neuronal and muscle cell lineages. Studies by Gao et al. (2003) 
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and Humphrey et al. (2003) also found nestin not to be a specific marker of beta 

cell precursors. 

Pancreatic Ductal Cells 

Ductal cells are relatively undifferentiated cells and therefore are more difficult to 

identify with markers compared to endocrine and exocrine cells. However, 

specific cytokeratin intermediate filament proteins are expressed on these cells 

and commonly used in identification of ductal cells. Porcine pancreatic ductal 

cells express CK7 and human pancreatic ductal cells express CK19. Since early 

pancreatic development occurs from budding off of cytokeratin-expressing ductal 

cells, it is possible that ductal cells may be pancreatic stem cells (Street et al., 

2003). 

Bonner-Weir et al. (2000) have shown that beta cells can be produced in vitro 

from human adult pancreatic ductal cells. Results showed that ductal cells could 

be expanded to form 3D structures of ductal cysts. Endocrine clusters were 

shown to bud from these cysts. However, again this process did not have clinical 

use due to insignificant quantities produced. 

Results reported by Yao et al. (2004) demonstrate that human fetal pancreatic 

ductal cells can be expanded in vitro and then induced, by adding glucose to the 

medium, to differentiate into pancreatic islet-like structures. However, small 

quantities of cells were produced and these cells were not tested for in vitro or in 

vivo functionality. 

Studies by Ramiya et al. (2000) have also shown that ductal cells from 

prediabetic adult mice could be expanded in culture, differentiated into endocrine 

cells, and exhibited in vitro functionality when subjected to glucose challenge 

tests and in vivo functionality upon transplantation into diabetic mice. 
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Pancreatic Small Cells 

Petropavlovskaia and Rosenberg (2002) have reported pancreatic small cells 

existing within human and canine islets. These cells make up 1% of islet cells, 

are 7-10 |im in diameter, and are highly quiescent (slow cycling). These cells 

express all endocrine hormones and secrete insulin in a glucose-responsive 

manner for weeks in culture, whereas mature beta cells lose insulin expression 

within a few days in culture. However, these cells have not yet exhibited 

proliferation or differentiation. 

Pancreatic Exocrine/Acinar Cells 

Studies have shown that human exocrine tissue is capable of transdifferentiating 

into ductal cells (Yuan et al., 1997). Studies have also shown that canine islets 

can be transdifferentiated into ductal cells (Jamal et al., 2003; Lipsett et al., 

2003). Hayashi et al. (2003) performed 90% pancreatectomy on the rat 

pancreas and observed that endocrine cells regenerated immediately through 

proliferation of preexisting islet cells and neogenesis of endocrine cells from 

ductal and acinar cells. Also, Humphrey et al. (2001) reported that exocrine cells 

from the fetal porcine pancreas dedifferentiated into ductal cells in vitro. 

This shows that exocrine tissue, which is the majority of the pancreatic cell 

population and is discarded upon islet isolation from cadaveric pancreases, may 

be used for the production of beta cells. The use of exocrine cells would aid in 

overcoming the current limitation of cells. Furthermore, it would allow for 

autologous transplantation, whereby exocrine cells from diabetic patients could 

be isolated, converted to ductal cells and then endocrine cells, and then 

transplanted back into the same patient. 

111.1.2.4 Beta Cell Self-Renewal 

Contrary to the results stated in the previous sections where beta cells are 

thought to form from precursor cells within the pancreas, Dor et al. (2004) 
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recently reported that beta cells arise mainly from pre-existing beta cells and not 

from pancreatic ductal or stem cells, as determined by in vivo genetic lineage 

tracing in mice. The results obtained by these researchers currently counters 

research done by all others in this field. This raises the possibility of allogeneic 

transplantation by removing beta cells from human cadavers, stimulating 

proliferation, and then transplanting sufficient quantities into diabetic patients. 

This also indicates the possibility of autologous transplantation, more likely in 

Type 2 diabetics with decreased beta cell mass, whereby it may be possible to 

inject factors into these patients to cause their own cells to proliferate and 

replenish the depleted beta cells. The lifespan of a human adult beta cell in vivo 

has been estimated to be 1 to 3 months (Street et al., 2004b). 

In vitro, human adult pancreas beta cells are known to not proliferate (Bouwens 

and Pipeleers, 1998). However, Beattie et al. (2002) have shown that human 

beta cells can be expanded three-fold in vitro by culturing cells in a 3D 

configuration in fibrin gels. Fibrin allowed for hepatocyte growth factor (HGF)-

mediated expansion, while maintaining beta-cell functionality assessed by 

glucose challenge tests. However, a three-fold increase is still not significant 

enough to be used clinically. 

111.1.2.5 Complete Islet or Beta Cell? 

Some researchers, such as Ball and Barber (2003), Oberholzer et al., (2003), 

and Street et al., (2003) believe a complete islet needs to be generated in vitro 

for transplantation. However, other researchers believe it may be possible to 

cure diabetes by the generation simply of beta cells (approximately 10 9 beta cells 

in human pancreas), as there are sufficient numbers of alpha, delta, and F cells 

within the islets of diabetics to interact with the transplanted beta cells (Efrat, 

2002). Furthermore, beta cells exist within the core of the islet and therefore may 

not be exposed significantly to glucagon and somatostatin, suggesting that there 

may not be much interaction between beta islet cells and the other islet cell 
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types. Therefore, it is possible that generation of aggregates of beta cells may 

be adequate (Weir, 2004). Which is the case, remains to be determined. 

III.1.2.6 Genetically Engineered Cells 

Hepatocytes are the main functional cells of the liver. They perform metabolic, 

endocrine, and secretory functions and constitute the majority of the mass of the 

liver (Martini, 2001). Another alternative to the shortage of donor cells for 

diabetics is the expansion of more readily available cells, such as hepatocytes. 

Hepatocytes may be an option since the liver and pancreas both arise from the 

endoderm during embryogenesis and may share similarities (Ber et al., 2003; 

Campbell, 1996). Hepatocytes could be genetically altered to sense glucose 

levels and produce and secrete insulin accordingly. 

Studies have shown that human hepatocytes can be genetically modified to 

produce insulin (Simpson et al., 1999; Tuch et al., 2003). Current studies focus 

on increasing insulin production from these cells. Furthermore, Yang et al. 

(2002) have shown that adult hepatic oval stem cells are able to express islet 

characteristics in vitro, such as insulin secretion in response to glucose. 

Additionally, it has been demonstrated that PDX-1 induces both exocrine and 

endocrine pancreatic gene expression in the adult mouse liver as well as the 

formation of insulin- and glucagon-producing cells (Ber et al., 2003; Ferber et al., 

2000). 

Another option is the use of transformed cell lines, which are produced by the 

introduction of oncogenes causing uncontrolled proliferation of cells. Efrat (1998) 

showed that transformed murine beta cells were able to synthesize and secrete 

insulin. Although, these cells were able to respond to stimuli by secreting insulin, 

they were only able to produce one-third the amount of insulin produced by a 

normal beta cell. Following transplantation into STZ-induced mice, these cells 

proliferated uncontrollably and eventually led to hypoglycemia. Advantages of 
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transformed cell lines are that they can be grown at low costs with virtually an 

unlimited supply. However, the use of transformed cell lines introduces the risk 

of tumor formation, which far outweighs the benefit of possible unlimited islet 

supply. 

III.2 PORCINE CELLS AS A MODEL SYSTEM 

Porcine pancreatic cells may serve as a useful model system for several 

reasons. Pigs are inexpensive, readily available, breed rapidly, have large litter 

sizes that are easily maintained, allow for harvestation of large numbers of cells, 

can be housed in a pathogen-free environment, are ethically acceptable as they 

are bred worldwide for food, and possess morphological and physiological 

characteristics similar to humans. Pigs have similar organ sizes to humans and 

human and porcine insulin are almost identical with the exception of only one 

amino acid. In fact, porcine insulin has been used in diabetics safely for many 

years (Rayat et al., 1999). See Table 111.1 for a comparison of amino acid 

sequences of islet hormones between human and pigs. Furthermore, pig and 

human blood glucose levels are similar (Logdberg et al., 2003). Although mice 

are used extensively in research, pigs are physiologically more similar to humans 

(Milwaukee Journal Sentinel, 2004; Oak Ridge National Laboratory, 2004). 

Finally, as mentioned in Section III.1.2.2, the possible use of porcine pancreatic 

cells in humans to treat diabetes still represents an attractive means of 

overcoming the limited supply of donor cells. The use of porcine cells as a model 

system may ultimately serve as a cure for diabetes itself. However, the 

drawbacks of using porcine pancreatic cells for xenotransplantation are strict 

guidelines for breeding and animal care, transmission of P E R V , and transfer of 

porcine proteins into the patient. The disadvantages of using porcine models 

without the intent of xenotransplantation is that pigs are obviously not genetically 

identical to humans. However, in considering the advantages of using porcine 

models, studies carried out within this thesis have used porcine cells. 
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Table 111.1. Comparison Between Porcine and Human Amino Acid Sequences in 
Pancreatic Islet (p, a, 6, and F cells) Hormones 

Islet Cell Type Beta Alpha Delta F 

Hormone Insulin Glucagon Somatostatin Pancreatic 
Polypeptide 

Number of Amino 
Acids in Humans 

51 
(Gill and Wood, 2003) 

29 4 

(Flatt, 2003) 
14 

(Flatt, 2003; Shen ef 
al., 1982) 

36 
(Flatt, 2003) 

Number of Amino 
Acids in Pigs 

51 
(Gill and Wood, 2003) 

29 
(Alpha Diagnostic 
International, 1996) 

14 
(Shen era/., 1982) 

36 
(Amaratunga et al. 

2001) 

Difference in 
Amino Acids 

between Humans 
and Pigs 

Difference in 1 
amino acid - At 
B30 Threonine 

in humans, 
Alanine in pig 

(Biological 
Macromolecule 
Crystallization 

Database, 1998; Gill 
and Wood, 2003) 

None 
(Alpha Diagnostic 
International, 1996; 
Council of Europe, 

2000) 

None 
(Shen era/., 1982) 

Difference in 
2 amino 

acids 
(Amaratunga ef al. 

2001) 

Reported 
Molecular 
Weight* 

(Da) 

5800 
(Biological 

Macromolecule 
Crystallization 

Database, 1998; Web 
Health Care Centre, 

2000) 

3500 
(General Medical, 
2004; Howard and 

Buckley, 1982) 

1800 
(Perkin Elmer, 2004; 

Robbins and 
Reichlin, 1983) 

4300 
(Schwartzef al., 

1980) 

Calculated 
Molecular 
Weight** 

(Da) 

5796 (Human) 
(Gill and Wood, 2003) 

5765 
(Pig) 

(Gill and Wood, 2003) 

3483 
(White and 

Saunders, 1986) 
1640 

(Bailey, 2003) 

4183 
(Human) 
(Takeuchi and 
Yamada, 1985) 

* Reported molecular weights differ somewhat from calculated molecular weights 
as reported molecular weights take into consideration posttranslational 
modifications. 

** Amino acid sequence for each hormone obtained from indicated source and 
molecular weight of each amino acid obtained from University of Texas Health 
Center (1998). 
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III.2.1 Research Objective: Develop Islet Expansion Protocols Using the 

Neonatal Porcine Pancreatic Model 

Researchers at the Surgical-Medical Research Institute (SMRI) at the University 

of Alberta have performed small-scale experiments with porcine pancreatic cells 

using petri dishes and have successfully transplanted their porcine endocrine 

tissue to reverse diabetes in a mouse model of diabetes (Korbutt et al., 1996). 

This was a milestone achievement in diabetes research because it showed that 

islet-like tissue produced in vitro was functional and required a simple surgery to 

transplant the cells, as opposed to the highly invasive surgery required for whole 

pancreas organ transplantation. However, in order to scale-up the production of 

this type of islet-like tissue, it is necessary to develop large-scale bioreactor 

protocols in suspension culture bioreactors as opposed to small-scale stationary 

culture. Therefore, our research group at the Pharmaceutical Production 

Research Facility (PPRF) at the University of Calgary is developing expansion 

protocols for porcine pancreatic endocrine tissue in suspension culture, based on 

the small-scale experiments at the SMRI. Suspension culture was chosen as the 

mode of culture as it allows for better control of environmental conditions. 

Furthermore, suspension culture allows for the integration of fed-batch and 

perfusion modes of operation, thus increasing efficiency and large-scale 

production of cells, which may then be used in a clinical setting. 

The steps required in this area of research, before human islets can be produced 

in vitro for clinical use, first involves using the porcine model to develop small-

scale protocols for the production of islet-like tissue in stationary culture, which 

was accomplished by Korbutt et al. (1996). The details of this study are 

presented in the next section. Current steps involve using the porcine model to 

develop large-scale bioreactor protocols for the production of islet-like tissue in 

suspension culture, which is being carried out at P P R F . Once this is complete, 

protocols developed for the porcine model may be adapted to the human model 

to develop large-scale bioreactor protocols for the production of human islet-like 
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tissue in suspension culture, which can then be used in a clinical setting (see 

Figure III.3). However, at each step it will be necessary to characterize the cell 

population through immunocytochemistry. If there is a population of insulin/C-

peptide positive cells, then in vitro functionality tests need to be performed to 

determine if these cells behave in a glucose-responsive manner. If it is found 

that these cells are glucose-responsive, a final test of in vivo functionality through 

transplantation into animal models of diabetes needs to be performed to assess 

the clinical use of these cells. This procedure is outlined in Figure 111.4. 

Summary of Korbutt et al. (1996) Porcine Experiments 

The work of Korbutt et al. (1996) was a seminal research effort that was central 

to the theme of this thesis, namely the production of islet-like tissue in bioreactors 

to be used in a clinical setting. This research group at the Surgical-Medical 

Research Institute (SMRI) at the University of Alberta carried out successful 

culture and transplantation of neonatal porcine pancreatic cells, as described in 

the previous section. Neonatal porcine pancreatic cells were isolated from 1-3 

day old piglets as described in Section IV.2.1. Porcine cells were chosen for 

reasons mentioned earlier in this section. 

The neonatal porcine pancreas does not contain intact and mature islets and the 

endocrine cells are randomly scattered throughout the gland. Upon digestion of 

the pancreas and isolation of cells, sections of the aggregates were stained and 

approximately 100 cells were examined, using electron microscopy, to determine 

that the cell population at isolation consisted of 74% exocrine cells, 7% endocrine 

cells, 11% epithelial (ductal) cells, and 8% damaged cells. Electron microscopy 

was used to identify cells with zymogen granules greater than 500 nm in 

diameter as exocrine, cells with smaller granules as endocrine, cells without 

secretory vesicles as ductal (nongranulated), and cells with ruptured plasma 

membranes and/or swollen organelles as damaged. Immunohistochemical 

analyses showed that 5% of the total cells were insulin-positive and 2% of the 
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Step 1 

Porcine Model: Developed Small-Scale 
Protocols for Production of Islet-Like 
Tissue in Stationary Culture (Korbutt et al., 
1996) 

• Transplantation into animal models 
of diabetes 

Step 2 ], 

Porcine Model: Developing Large-Scale 
Bioreactor Protocols for Production of 
Islet-Like Tissue in Suspension Culture 
(PPRF) 

• Medium development 
• Bioreactor protocol development 
• Transplantation into animal models 

of diabetes 

Step 3 

Human Model: Develop Large-Scale 
Bioreactor Protocols for Production of 
Islet-Like Human Tissue in Suspension 
Culture to be used in a Clinical Setting 

• Adaptation of protocols developed 
from porcine model to human 
model 

> Medium development 
> Bioreactor protocol 

development 
• Clinical Application: Transplantation 

into diabetic humans 

Figure III.3. Milestones required to prepare for clinical studies of islet 
transplantation in humans to treat Type 1 diabetes. 
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Character ize Cell Populat ion ( I m m u n o c y t o c h e m i s t r y ) : 
Determine cell composition of total population, single cells, and aggregates 

• Fix cells (either as tissues or dissociated single cells) onto slides 
• Stain cells on slides with respective antibodies to determine if cells express endocrine 

hormones (insulin/C-peptide, glucagon, somatostatin, and pancreatic polypeptide). If 
cells determined to be insulin/C-peptide-positive, it is necessary to determine cell 
functionality in vitro 

• Stain cells on slides with antibodies against amylase to determine if they are 
exocrine/acinar cells 

• Stain cells on slides with antibodies against CK7 to determine if they the cells are 
duct-1 ike 

I 
In vitro Functional ity (Glucose Chal lenge T es t ) : 
Determine if insulin/C-peptide-positive cells can secrete insulin in response to glucose 

• Static Incubation Assay 
o Incubate cells for 2 hours at 37°C and 5% CO 2 in three types of media: 

2.8 mM (basal glucose level), 20 mM glucose (high glucose level), and 20 mM 
glucose + 10 mM theophylline, which is a beta cell stimulant (high glucose 
level plus theophylline) 

• ELISA/RIA Assay 
o Determine amount of insulin or C-peptide in supernatant produced in 

response to high and basal level of glucose 
• Measure cell functionality: 

o Stimulation Index = insulin/C-peptide secreted in high glucose conditions 
divided by insulin/C-peptide secreted in basal glucose conditions determined 
from ELISA/RIA Assay 

• Degree of stimulation index (>1) determines degree of functionality in vitra, next, it 
is necessary to determine cell functionality in vivo 

\ 
In vivo Functional ity (Transplantat ion): 
Determine whether cells (insulin/C-peptide-positive) can secrete insulin in response to blood 
glucose in animal models of diabetes 

• Transplant cells into immunocompromised mouse models of diabetes (blood glucose 
levels > 30 mM) 

o Blood glucose levels less than 10 mM deems a successful transplant 
• Depending on success with animal models of diabetes, progress to human models of 

diabetes 

Figure 111.4. In vitro and in vivo tests to determine functionality of porcine and 
human endocrine tissue produced in suspension bioreactors. 
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total cells were glucagon-positive. Insulin- and glucagon-positive cells indicate 

the presence of beta and alpha cells, respectively. These cells were cultured for 

9 days in petri dishes containing the Edmonton medium (published) (detailed in 

Section IV.3) maintained at 37°C and 5% C O 2 for 9 days. The medium and 

dishes were changed after the first day of isolation and the medium was then 

changed every second day thereafter. 

One neonatal porcine pancreas, after cell isolation and a 9-day culture period, 

yielded approximately 50,000 aggregates or 65 million cells (57% epithelial cells, 

35% endocrine cells, 3% exocrine cells, and 5% damaged cells). Of the total cell 

population, 24% were insulin-positive cells and 8% were glucagon-positive cells. 

DNA assays were used to determine the amount of DNA in culture and therefore 

the number of cells in culture. The results reported by Korbutt et al. (1996) show 

that the insulin, DNA, and amylase levels decreased over time. The endocrine 

cell composition increased from 7% at isolation to 35% after 9 days of culture, 

resulting in an enriched population of islet-like tissue; however, the total number 

of endocrine cells decreased from 40.8 million cells to 19.4 million cells. 

To determine functionality of the tissue produced in vitro at the SMRI, standard 

glucose-challenge tests were performed. These tests showed that cells had an 

average stimulation index and maximum stimulation index of approximately 5.5 

and 39.9, respectively (Korbutt et al., 1996). See Section VII.2 for a description 

of stimulation index and maximum stimulation index. 

Two thousand neonatal pancreatic aggregates at day 9 of culture were 

transplanted under the kidney capsule mice models of diabetes (Korbutt et al., 

1996). It is important to note that the transplantation of islets under the kidney 

capsule of humans has been tested; however, it was found to be unsuccessful 

(Rosenberg, 1998). The issue with transplantation into the kidneys in humans is 
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that the size of the subcapsular region of the kidney limits the size of graft that 

can be implanted (Ramiya et al., 2000). 

Diabetes was induced in the mice used in the study by Korbutt et al. (1996) 

through the use of a chemical called alloxan. Alloxan and streptozotocin (STZ) 

are two commonly used chemicals to induce diabetes in animal models through 

beta cell necrosis. They are known to act on the membrane or interior of the 

beta cell. They also inhibit glucose-stimulated insulin secretion in beta cells. 

These chemicals are taken up by the beta cells through the GLUT-2 glucose 

transporter and reduce the level of NAD+, thereby causing the fragmentation of 

DNA. This causes the beta cells to be destroyed (Koulmanda et al., 2003; 

Nielsen et al., 2000). This beta cell destruction can be inhibited by nicotinamide 

and picolinamide, which inhibit poly(ADP-ribose) synthetase, which is a nuclear 

enzyme that detects and binds DNA strand breaks. Superoxide dismutase, 

which is an antioxidant that reacts with superoxides (highly reactive form of O 2) 

and converts them to less dangerous chemicals, is also known to inhibit alloxan 

and STZ toxicity (Lally and Bone, 2003). This is illustrated in Figure III.5. 

In order to prevent immune rejection of cells in the alloxan-induced mice models 

of diabetes, knockout mice, which are made to be immunocompromised, are 

used. These mice lacked a gene required to generate mature lymphocytes (Alt 

et al., 1992). Knockout mice are produced by gene targeting, which involves the 

replacement of one gene sequence in the mouse genome with a related 

sequence, which has been modified to contain a mutation. This is usually done 

in mouse embryonic stem cells, which are derived from a male mouse embryo, 

and can differentiate into all cell types when introduced into another embryo. 

This gene replacement is carried out by homologous recombination, which 

involves lining up two similar DNA sequences so that parts can be exchanged, 

thus producing a mutant version of the target gene. A host embryo is isolated 

from another mouse and the embryonic cells containing one mutant gene are 
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Figure III.5. Mechanism by which alloxan and streptozotocin (STZ) destroy beta 
cells. Alloxan and STZ are taken up by beta cells through the GLUT-2 receptor 
and cause the reduction of NAD+, which leads to DNA fragmentation and 
destruction of beta cells. This can be inhibited by nicotinamide and picolinamide, 
which inhibit poly(ADP-ribose) synthetase. Superoxide dismutase is also known 
to inhibit alloxan and STZ toxicity (Lally and Bone, 2003). 
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transferred into the host embryo. The resulting mouse is termed a chimera. 

Inbreeding of these mice result in both copies of the gene being mutated, 

resulting in knockout mice (The Wellcome Trust, 2004). 

In the studies by Korbutt et al. (1996), there was a latent period of 2-8 weeks 

post-transplantation before hyperglycemia in the mouse models of diabetes was 

reversed (i.e. blood glucose levels < 8.4 mmol/L). This adjustment period is 

believed to be due to the differentiation and growth of endocrine cells after 

implantation. It was found that after 14 weeks, grafts were highly vascularized, 

consisting of mainly insulin- and glucagon-containing cells. Furthermore, some 

of the beta cells showed mitotic activity, and grafts contained more than 20 times 

the insulin present at the time of transplantation. This may indicate that beta 

cells were maturing and growing in vivo. Therefore, it may be necessary for in 

vitro studies to focus on expanding endocrine cell yields to meaningful numbers 

prior to transplantation of these cells in order to by-pass this latent period. 

Research has also shown that cell-to-matrix and possibly cell-cell interaction may 

be vital for cell survival and differentiation in vitro (Rayat ef al., 1999). Therefore, 

it may be necessary to incorporate extracellular matrices, such as collagen, as 

this is largely present in the pancreas, into in vitro expansion of endocrine cells. 

III.3 APPLICATIONS OF ENDOCRINE CELL TECHNOLOGY 

Endocrine cell technology allows for revolutionizing the treatment for Type 1 and 

Type 2 diabetics by significantly improving their quality of life. This technology 

involves two main areas: use of cells outside of the body and stimulation of cells 

within the body. 

III.3.1 Applications of Ex Vivo Expanded Pancreatic Endocrine Cells 

The pancreas does not regenerate itself after injury. However, the expansion 

of pancreatic endocrine cells inside or outside the body may provide a cure for 
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devastating pancreatic diseases, such as Type 1 and Type 2 diabetes. The 

use of endocrine cell technology involves four main applications. 

The first application involves the pre-clinical assessment of drugs used to treat 

diabetes. Pre-clinical assessment generally involves testing on animals in 

order to test the risks and benefits of new drugs. However, this process is 

expensive and time-consuming. Furthermore, animal testing may not be an 

accurate representation of the reaction in humans. An alternative to this is 

growing specific cell types in vitro and then subjecting these cells to various 

tests. Research in this area would be beneficial to Type 2 diabetics, as the 

current oral drug therapy can be ineffective in adequately controlling their blood 

glucose levels (Katsilambros and Tentolouris, 2003). Further development of 

oral drugs may prevent Type 2 diabetics from becoming insulin-dependent. 

The second application involves endocrine cell therapy to treat Type 1 

diabetics, which occurs from a loss of beta cells. For many Type 1 diabetics, 

insulin therapy is not adequate and results in severe long-term complications. 

Therefore, as demonstrated by the Edmonton protocol, islet cell transplantation 

is a potential cure, as mentioned in Section III.1.1.3. Endocrine cell therapy 

involves two main areas: xenotransplantation with the use of porcine cells and 

allogeneic transplantation. However, in both cases immunosuppression would 

be required. It would be ideal if beta cells could be retrieved from the patient, 

expanded in vitro, and then transplanted back into the patient because this 

would not require immunosuppression. Although it may be possible to achieve 

this with Type 2 diabetics, this may not be possible with Type 1 diabetics due to 

autoimmune destruction of the beta cells. Furthermore, if Type 1 diabetes was 

caught in its early stages and beta cells were isolated, these patients would still 

require immunosuppression in order to prevent the immune system from 

destroying the transplanted tissue. 
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The third application is drug therapy in the pancreas. Drug therapy 

administered to the patient or transplantation of cells genetically engineered in 

vitro to secrete proteins could cause islet neogenesis from other pancreatic cell 

types. Upon administering an acinar cell protein called islet neogenesis 

associated protein (INGAP), islet neogenesis has been found to occur in mice 

models of diabetes thus resulting in normoglycemia (Rosenberg et al., 2004). 

This therapy could be applied to both Type 1 and Type 2 diabetics, however 

immunosuppression would still be a requirement for Type 1 diabetics. 

The last application of endocrine cell technology is gene therapy to stimulate in 

vivo beta cell regeneration. Gene therapy involves the addition of normal 

genes to cells to correct for damaged or missing genes. It could also be used 

to cause cells to transdifferentiate into other cell types. Gene therapy could be 

used to cause adult stem cells, acinar cells, or ductal cells to transdifferentiate 

into beta cells. In fact, Ferber et al. (2000) showed that the introduction of the 

PDX-1 gene into the adult mouse liver resulted in insulin-producing cells. This 

form of therapy could be useful for both Type 1 and Type 2 diabetics; however 

again, immunosuppression would still be required for Type 1 diabetics. 
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CHAPTER I V 

MATERIALS AND METHODS 

IV.1 OVERVIEW 

This chapter describes the materials and methods used for all experiments 

described within this thesis. In brief, all experiments were carried out in 125 ml_ 

suspension bioreactors in Edmonton medium (published) and PPRF-p1 medium. 

Cells were cultured in incubators maintained at 37°C and 5% C O 2 . The main 

objective of this thesis was to determine optimal culture conditions for the 

expansion of porcine endocrine cells in suspension bioreactors. Cell culture 

medium conditions, such as type of medium, insulin, and pH were examined. 

Furthermore culture protocols, such as aggregate dissociation and cell 

inoculation densities, in addition to long-term culture effects were investigated. 

Lastly, cell functionality was tested in vitro through standard glucose challenge 

tests. 

IV.2 CELL LINES 

The cell lines utilized throughout all the experiments described in this thesis were 

a heterogeneous population of neonatal porcine pancreatic cells obtained from 

the Surgical Medical Research Institute (SMRI) at the University of Alberta 

[denoted as Ki/PN(1-3) where i denotes cell line number]. Cells were received 

the day after isolation (primary culture) and were passaged immediately 

(Passage 1, P1). 
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IV.2.1 Cell Isolation Protocol 

As reported by Korbutt et al. (1996) in the Journal of Clinical Investigation, 

pancreases were obtained from 1-3 day old piglets, since there is a greater 

amount of endocrine than exocrine tissue at this stage of development (i.e. as 

the piglets have not yet begun to eat). At this stage, endocrine cells are randomly 

distributed throughout the gland and do not exist as intact and mature islets. 

These glands were cut into fragments of about 1-2 mm 3 and subsequently 

digested using collagenase to reduce the amount of exocrine tissue and to 

achieve a higher purity of endocrine tissue. The digest was then filtered through 

a nylon screen with 500 |am pores as the diameter of aggregates can range from 

150 jam to 400 (am. This procedure is illustrated in Figure IV. 1. 

This filter process separated the digest into two fractions. The fraction of tissue 

that remained on the screen was mainly exocrine tissue. The fraction of tissue 

filtered through the screen had a composition of 74% exocrine cells, 7% 

endocrine cells, 11% epithelial (ductal) cells, and 8% damaged cells, which was 

then placed into four bacteriological petri dishes (diameter of 15 cm) at cell 

densities in each petri dish of approximately 4.16 million cells/mL in 35.0 mL of 

Edmonton medium (published). The Edmonton medium consists of Ham's F10 

plus supplements (see Section IV.3). Nicotinamide is known to stimulate islet 

cell DNA replication and IBMX is known to stimulate DNA synthesis in rat islets 

(Korbutt et al., 1996). 



A whole pancreas 
is obtained from a 
1-3 day old piglet 

The filtered tissue 
is sent overnight 
from the SMRI to 

P P R F at room 
temperature 

s 

The pancreas is 
cut into-1-2 mm 3 

fragments 

The digest is filtered 
through a nylon screen 

(500 firn), washed 4 times 
in HBSS, and placed into 
50 imL centrifuge tubes 

containing the Edmonton 
medium 

The fragments are 
transferred to sterile 

tubes containing HBSS 
with 2.5 g/L collagenase 

\7 

I 
The tubes are agitated for 
16-18 minutes in a shaking 

water bath at 37°C 

V 

Figure IV.1. Protocol for isolating neonatal porcine pancreatic cells 
(adapted from Korbutt et al., 1996). 
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IV.3 MEDIA PREPARATION 

There were two types of media used in experiments. The first medium was the 

Edmonton medium (published), which was developed at the SMRI. This medium 

consisted of a basal medium of Ham's F10 (1X) (Sigma, Cat# N-6635), 10.0 mM 

Nicotinamide (Calbiochem, Cat# 481907), 3.90 mM D-Glucose (Sigma, Cat# G-

6152), 1.10 mM L-Glutamine (Sigma, Cat# G-3126), 0.12% sodium bicarbonate 

(Sigma, Cat# S-5761), 1.60 mM Calcium Chloride Dihydrate (Sigma, Cat# C-

3881), 50.0 mM IBMX (ICN, Cat# 195262), 5.0 g/L B S A (Sigma, Cat# A-9418), 

and Penicillin-Streptomycin (Invitrogen, Cat# 15140-122). Final concentrations 

of medium components are presented in Table IV. 1. 

Table IV.1. Final Concentrations of Components in the Edmonton Medium 
(published) 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

Water - -

Ham's F10 Sigma (Cat# N-6635) 1X 

Sodium Bicarbonate Sigma (Cat# S-5761) 1.20 g/L 

Nicotinamide Calbiochem (Cat# 481907) 1.22 g/L 

D-Glucose Sigma (Cat# G-6152) 0.700 g/L 

L-Glutamine Sigma (Cat# G-3126) 0.154 g/L 

Calcium Chloride 

Dihydrate 
Sigma (Cat# C-3881) 0.236 g/L 

Bovine Serum Albumin Sigma (Cat# A-9418) 5.0 g/L 

Isobutylmethylxanthine ICN (Cat# 195262) 0.0111 g/L 

Penicillin-Streptomycin Invitrogen (Cat# 15140-122) 
1.0 X 10 b units/L 
(Pen) 
0.10 g/L (Strep) 
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The second medium was PPRF-p1 medium. This is a pancreatic medium 

developed in this study [starting with PPRF-m4 medium - a neural stem cell 

medium used in our laboratory, Sen (2003)]. The basal medium consisted 

equally of Dulbecco's Modified Eagle Medium (DMEM) (Invitrogen, Cat# 12100-

046) and Ham's F12 (Invitrogen, Cat# 21700-075). In other words, DMEM (0.5X) 

and Ham's F12 (0.5X) were in the medium in a 1:1 ratio. This was supplemented 

with 20.0 mM Glutamine (Invitrogen, Cat# 25030-081), 7.5% sodium bicarbonate 

(Sigma, Cat# S-5761), 1.0 M H E P E S (Sigma, Cat# H-4034), 5.0 g/L Heparin 

(Sigma, H-3149), 10.0 mM Nicotinamide (Calbiochem, Cat# 481907), 1.60 mM 

Calcium Chloride Dihydrate (Sigma, Cat# C-3881), 50.0 mM IBMX (ICN, Cat# 

195262), 20.0 mg/L epidermal growth factor (EGF) (Peprotech Inc., Cat# 100-

15), 20.0 mg/L basic fibroblast growth factor (bFGF) (R&D Systems, Cat# 233-

FB), Penicillin-Streptomycin (Invitrogen, Cat# 15140-122), a hormone mixture, 

and a proprietary supplement. The hormone mixture consisted of Apotransferrin 

(Sigma, Cat# T-2252), Insulin (Sigma, Cat# I-5500), 0.10 N HCI prepared from 

10.0 N HCI (EM Science, Cat# HX0603-57), Putrescine (Sigma, Cat# P-7505), 

3.0x10 3 M Selenium (Sigma, Cat# S-9133), 2 .0x10 3 M Progesterone (Sigma, 

Cat# P-6149), and 30% Glucose (Sigma, Cat# G-6152). Final concentrations of 

medium components can be found in Table IV.2. 

For both types of media, after combining all of the components of the particular 

medium in a sterile Pyrex glass bottle, double distilled water was added to adjust 

the total volume. Once all components were dissolved, the medium was filtered 

using a 0.22 um Falcon (7111) bottle top filter into a sterile Pyrex glass bottle and 

then stored at 4°C. 



Table IV.2. Final Concentrations of Components in the PPRF-p1 Medium 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

Water - -
DMEM Basal Medium Invitrogen (Cat# 12100-046) 0.5X 

Ham's F12 Basal Medium Invitrogen (Cat# 21700-075) 0.5X 

Glutamine Invitrogen (Cat# 25030-081) 0.0146 g/L 

Sodium Bicarbonate Sigma (Cat# S-5761) 1.73 g/L 

H E P E S Sigma (Cat# H-4034) 1.17 g/L 

E G F Peprotech Inc. (Cat# 100-15) 0.020 mg/L 

bFGF R&D Systems (Cat# 233-FB) 0.0080 mg/L 

Heparin Sigma (Cat# H-3149) 0.0050 g/L 

D-Glucose Sigma (Cat# G-6152) 0.60 g/L 

Apo-Transferrin Sigma (Cat# T-2252) 0.0250 g/L 

Insulin Sigma (Cat# I-5500) 0.0230 g/L 

Putrescine Sigma (Cat# P-7505) 0.0090 g/L 

Selenium Sigma (Cat# S-9133) 4.67 ng/L 

Progesterone Sigma (Cat# P-6149) 5.66 ng/L 

Nicotinamide Calbiochem (Cat# 481907) 1.22 g/L 

Calcium Chloride 

Dihydrate 
Sigma (Cat# C-3881) 0.236 g/L 

Isobutylmethylxanthine ICN (Cat# 195262) 0.0111 g/L 

Pen ici 11 i n-Streptomyci n Invitrogen (Cat# 15140-122) 
1.0 X 10 bunits/L 
(Pen) 
0.10 g/L (Strep) 

Proprietary Supplement - -
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IV.4 CELL CULTURE EQUIPMENT 

IV.4.1 PipetTips 

Maximum recovery 200 u,L pipet tips were purchased from Axygen Scientific 

(Cat# TR-222-C-L). These pipet tips were used with the p20 Pipetman (Gilson, 

Cat# GF-23600) and p200 Pipetman (Gilson, Cat# GF-23601). Fine polished 

1000 u.L pipet tips were also purchased from Axygen Scientific (Cat# T-1000-C-

L). These were used with the p1000 Pipetman (Gilson, Cat# GF-23602). 

IV.4.2 Pasteur Pipets 

All pasteur pipets were obtained from V W R (Cat# 14672-380) and were 

siliconized by soaking the pipets in 10% Sigmacote (Sigma, Cat# SL-2) in 

hexane (Omnisolv, Cat# B90210) for 30 minutes and were allowed to dry 

overnight before use. 

IV.4.3 Suspension Bioreactors 

All experiments were carried out in 125 ml_ suspension bioreactors (shown in 

Figure IV.2) containing 100.0 ml_ of medium. Suspension bioreactors were 

obtained from Corning (Corning Glass, New York). These glass vessels (spinner 

flasks) have two side arms to be used for inoculation of media and cells and for 

taking samples. The suspension bioreactors are 195 mm high, 70 mm in 

diameter, and have two 24 mm diameter arms. The teflon coated magnetic 

impeller is 55 mm long and is suspended approximately 5 mm from the bottom of 

the bioreactor. These bioreactors were placed on slow speed magnetic stir 

plates (Thermolyne Cellgro, Barnstead International, Dubuque, Iowa) at 100 rpm, 

as studies at P P R F on other mammalian tissue aggregates show this to be an 

effective agitation rate, in an incubator operating at 37°C and 5% C O 2 . Inner 

surfaces of all suspension bioreactors and the outer surface of the magnetic stir 

bars were siliconized with 10% Sigmacote in hexane. All bioreactors were 

allowed to dry overnight before being autoclaved and ready for cell culture use. 
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Figure IV.2. A schematic diagram of a 125 ml_ suspension bioreactor by 
Corning Glass, NewYork (Sen, 2003). 
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IV.5 C E L L HANDLING P R O C E D U R E S 

The following sections will describe all equipment and protocols used to perform 

all of the experiments. 

IV.5.1 Cel l Passag ing 

Cell passaging is a procedure, which consists of removing cells from a culture in 

order to inoculate them into a fresh medium. This is done to replace exhausted 

medium components and maintain cells in a nutrient-rich environment. 

Figure IV.3 gives a schematic diagram of the passaging procedure. In order to 

passage the cells in the bioreactors, the cells and spent medium were removed 

from one of the side arms on the suspension bioreactor using a 10 mL pipet 

(VWR, Cat# 357551) into two 50 mL centrifuge tubes (VWR, Cat# 352070). The 

cells and spent medium in the centrifuge tubes were then centrifuged at 1000 

rpm (200 g) for 10 minutes in order allow the cells to pellet to the bottom of the 

centrifuge tubes. The spent medium was then removed from the centrifuge 

tubes and the pellet of cells was aspirated using a 1000 jaL pipet tip ten times to 

suspend the aggregates and single cells. The cells were then diluted in pre-

incubated medium such that the total volume was 10.0 mL. This 10.0 mL 

suspension was then inoculated into 90.0 mL of pre-incubated fresh medium in 

the bioreactor using a 10 mL pipet. The suspension bioreactor was then placed 

onto a stir plate operating at 100 rpm in an incubator maintained at 37°C and 5% 

C O 2 to begin the next passage. The cells in each of the suspension bioreactors 

were passaged every other day for generally 9 days, as this was the protocol 

established by Korbutt et al. (1996). This passaging procedure is not typical of 

general scale-up procedures. Scale-up procedures are applied to growing cell 

lines. At the end of a passage, cell densities in the bioreactors have increased 

due to proliferation of cells, therefore cells from one bioreactor are inoculated into 

multiple bioreactors to achieve appropriate cell inoculation densities. 



Cells in a 125 mL 
suspension bioreactor 
operated at 100 rpm in 
an incubator maintained 
at 37°C and 5% C O 2 

Cells put into two 
50 mL centrifuge 
tubes 

Cells centrifuged at 
1000 rpm resulting 
in a pellet of cells at 
the bottom of each 
centrifuge tube 

Spent medium 
removed from each 
centrifuge tube 
and each cell pellet 
aspirated 10 times 

Cells inoculated into 
fresh medium in a 
125 mL suspension 
bioreactor operated at 
100 rpm in an incubator 
maintained at 37°C and 
5% C O 2 

Figure IV.3. Procedure for passaging of a suspension bioreactor containing neonatal porcine pancreatic cells. 

00 



83 

IV.5.2 Bioreactor Sampling 

Suspension bioreactors were removed from the incubator and placed onto a 

magnetic stir plate in a biological safety cabinet in order to maintain well-mixed 

conditions. A representative 5.0 ml_ sample was then taken from each 

suspension bioreactor using a 5 ml_ pipet (VWR, Cat# 357543) and placed into 

15 mL centrifuge tubes (VWR, Cat# 352096). Samples of 200 uL were then 

taken in duplicate from this 5.0 mL sample and placed into 5 mL polypropylene 

tubes (VWR, Cat# 352063), which would be used for either a DNA or insulin 

assay. Two 50 ^iL samples were also taken from this 5.0 mL sample and placed 

into two gridded wells within a 96-well microplate (VWR, Cat# 353072) in order to 

obtain duplicate representative cell counts by aggregate sizing and single cell 

counts using a Grid Cell Count Method developed in our laboratory (see Section 

IV.6.1). The remaining cells in the 5.0 mL samples were fixed onto slides for 

immunocytochemistry. Samples were generally obtained from the bioreactors on 

Days 3 and 9. 

IV.6 ANALYTICAL PROCEDURES 

IV.6.1 Cell Counts and Viabilities 

Cell density was determined using two methods. Figure IV.4 illustrates the two 

cell counting methods. The first was through the use of a standard 

hemocytometer (VWR, Cat# B3175), called the Hemocytometer Cell Count 

Method. However, this method requires the dissociation of aggregates in the 

culture into single cells. A hemocytometer has two sections, each section 

containing 4 counting areas of which each counting area is divided into 16 

squares. One sample is counted using all 8 counting areas (two sections). 

Once the aggregates were enzymatically or chemically dissociated (see Sections 

IV.6.12 and IV.6.13), a sample was taken and diluted in C a 2 + and M g 2 + free 1X 
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Phosphate-Buffered Saline (PBS), which was prepared from 10X P B S 

(Invitrogen, Cat# 14200-075). 1X P B S consists of 80.6 mM N a 2 H P O 4 T H 2 O , 26.7 

mM KCI, 14.7 mM K H 2 P O 4 , 1379.3 mM NaCI, and distilled water. Trypan blue 

(0.1%) was then added to the sample containing 1X P B S . Non-viable cells 

absorb trypan blue at this concentration and appear dark blue. The 0.1% trypan 

blue was made by diluting 0.4% trypan blue (Sigma, Cat# T-8154) with 1X P B S . 

Two samples of 10 |nL were taken from this diluted sample and placed into each 

of the sections of the hemocytometer by placing the pipet tip at the edge of the 

coverslip. A Zeiss Axiovert 35 Microscope (Zeiss, Germany) was used in 

counting the cells. Transparent cells were counted as viable cells and dark blue 

cells were counted as non-viable cells. The total number of cells was determined 

by adding the viable and non-viable cells. Once the cell counts were obtained, 

the hemocytometer and coverslip were washed using double distilled water and 

wiped dry with Kimwipes. 

A s an estimate, a new second cell counting method was developed for 

quantifying the. number of cells in a population containing both single cells and 

aggregates, called the Grid Cell Count Method. This was necessary due to initial 

difficulties in dissociation of aggregates. A 50 sample was taken from each 

5.0 ml_ sample taken from the suspension bioreactors and placed into a gridded 

96-well microplate in order to estimate the number of cells. Gridding a 96-well 

microplate involved using an ink pen to draw a grid on the bottom surface of the 

plate with 2 mm between each line. Once the 50 ^L sample was placed into the 

well, photomicrographs of each quadrant of the grid were taken to obtain cell 

counts using a Leica Microscope and OpenLab Software both from Leica 

Microsystems (Richmond Hill, Ontario). 

The number of cells in the sample placed in the gridded 96-well microplate was 

determined by adding the number of single cells to the number of cells present 

as aggregates. The tissue packing density, P d , for porcine pancreatic 
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aggregates was determined to be 0.24 + 0.017 x 10 9 cells/ml_ for cells in a 

suspension bioreactor operating at 100 rpm (see Section VI.3.1). 

In order to calculate the number of cells in an aggregate, it was necessary to 

calculate the volume of the aggregate using the diameter of the aggregate. The 

average diameter, daverage> for non-spherical aggregates, was determined using 

two perpendicular diameters, di and d 2 , determined through OpenLab and 

Equation IV. 1. 

(í/j + d2 ) 
T 

d ^ (IV.1) 
average ^ V / 

The average diameter, d a Verage, was then used to calculate the spherical volume 

of the aggregate, V a ggregate, using Equation IV.2. 

V =-n 
aggregale ^ 

average 

~ 2 ~ 
(IV.2) 

Once the volume of the aggregate was calculated, it was then possible to 

calculate the number of cells, N c e i i s , in the aggregate by multiplying the volume of 

the aggregate, V a g gregate , with the tissue packing density, P d , as shown in 

Equation IV .3 . 

NceIis

 =
 Vaggregatela ('V.3) 

Single cell counts were added to the result found from Equation IV .3 , and the 

total cell count per volume of culture was then determined. This method allowed 

the number of cells present as aggregates in the total cell population to be 

determined. However, this method did not allow for the determination of viable 
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cells, rather it gave an estimate of the total number of cells in the suspension 

bioreactors. This method of cell counting is compared to hemocytometer cell 

counts in Section VI.3.1. 

IV.6.2 DNA Assay 

Another method for estimating the total number of cells in a sample was through 

the use of a DNA assay, which quantifies the intracellular double-stranded DNA. 

Duplicate aliquots of 200 uL using a 1000 u.L pipet were taken from the 5.0 mL 

samples obtained from the suspension bioreactor and placed into 5 mL 

polypropylene tubes. The tubes were then filled with 5.0 mL of a citrate buffer 

solution. See Table IV.3 for the components of the citrate buffer solution. The 

tubes were allowed to sit for approximately 20 minutes to allow the tissue to 

settle to the bottom. The citrate buffer was then removed from the tubes with an 

aspirator down to 1.0 mL and the tubes were then filled with 4.0 mL of fresh 

citrate buffer. The tubes were then centrifuged at 1500 rpm for 5 minutes to 

allow the tissue to pellet to the bottom of the tube. The citrate buffer was then 

removed using the aspirator, such that a dry cell pellet was left at the bottom of 

the tube. The tubes were then stored at -20°C until being assayed. 

Table IV.3. Final Concentrations of Components in the Citrate Buffer Solution 
Used in the DNA Assay 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

Distilled Water - -
NaCI Sigma (Cat# S-9888) 8.76 g/L 

Citric A c i d H 2 O Sigma (Cat# C-7129) 3.16 g/L 

Disodium EDTA Sigma (Cat# E-5134) 1.0 g/L 

Note: To obtain a pH of 7.4, added 10 N NaOH (VWR 1 CaW VW3247-4) 
dropwise and stored at -20°C. 
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Once samples prepared above were sent to the SMRI in Edmonton for analysis, 

cell pellets were thawed and placed into 450 u.L of a lysis buffer (10.0 mM Tris, 

1.0 mM EDTA, 0.5% Triton X-100, 4°C, pH 7.5), sonicated, supplemented with 

25 U.L of Proteinase K solution (8.0 g/L), vortexed, and incubated at 65°C for 

45 minutes and 70°C for 10 minutes. The Iysates were then supplemented with 

25 uL of RNAse A solution (10.0 g/L), vortexed and incubated for 1 h at 37°C. 

Aliquots of 25 uL and 50 uL were diluted in 1.0 mL of DNA buffer (10.0 mM Tris, 

1.0 mM EDTA, pH 7.5) and then assayed by measuring fluorescence at 490 

excitation I 515 emission nm after adding 1.0 mL of Pico Green reagent (1/200 

dilution with DNA buffer). The samples were diluted in proportion to a seven 

point (0-0.0004 g/L) standard curve generated from calf thymus DNA (Korbutt et 

al., 1996). Equation IV.4 illustrates how the total amount of DNA in the 

bioreactor, which was obtained from the duplicate 200 u.L samples that were 

assayed for DNA content, was converted to cell density, where DNA is the 

amount of DNA (ng), X is the cell density (cells/mL), and DF is the dilution factor 

(i.e. for a 200 u.L sample taken from a bioreactor containing 100.0 mL medium, 

DF = 100.0 mL medium / 0.200 mL sample). As determined by Korbutt et al. 

(1996), there is 7.1 pg of DNA per cell. 

X = DNA 
1 

100mL(media) 
cell 

IApg(DNA) 
\x\03pg 

DF (IV.4) 

IV.6.3 Insulin A s s a y 

Samples of 200 u.L were obtained in duplicate using a 1000 u.L pipet from the 5.0 

mL samples taken from the suspension bioreactors into 5 mL polypropylene 

tubes in order to determine the amount of intracellular insulin within the 

bioreactors. Using a 1000 u,L pipet, 1.0 mL of azol was added to each tube. 

Table IV.4 lists the components required to make the azol solution. These 

samples were then stored at -20°C. 
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Table IV.4. Final Concentrations of Components in the Azol Solution Used in 
the Insulin Assay 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

Distilled Water - -
Glacial Acetic Acid BDH (Cat# A C S 003) 113.7 g/L 

RIA grade B S A Sigma (Cat# A-7888) 2.50 g/L 

Note: Stored at -20°C. 

Upon sending these samples to the SMRI in Edmonton, each sample was 

sonicated for 20 seconds. Samples were then centrifuged at 1500 rpm for 10 

minutes to separate cell debris, which would pellet to the bottom of the tube, from 

the insulin protein in the top fraction of the supernatant. Samples of 700 • L were 

then taken from the top of the polypropylene tube and placed into a new 

polypropylene tube. These samples were then kept frozen until being assayed 

for insulin content by an enzyme-linked immunosorbent assay at the University of 

Alberta General Hospital. 

IV.6.4 Immunocytochemistry 

Once insulin, DNA, and grid cell count samples were taken from the 5.0 mL 

samples taken from the bioreactors, the remaining cells were fixed onto slides 

using methanol-acetone (1:1) for staining of insulin, C-peptide, glucagon, 

somatostatin, pancreatic polypeptide, amylase, CK7 , vimentin, and PDX-1. 

To dissociate the aggregates into single cells, dissociation medium (see Table 

IV.5) was added to the 15 mL centrifuge tubes containing the remaining cells to 

bring the volume up to 15.0 mL. The centrifuge tubes were then centrifuged at 

1000 rpm for 1 minute to allow the cells to pellet to the bottom. The supernatant 

was then removed and the cell pellet was re-suspended in 10.0 mL of fresh 
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Table IV.5. Final Concentrations of Components in Dissociation Medium Used 
for Aggregate Dissociation 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

Distilled Water - -

NaCI Sigma (Cat# S-9888) 7.94 g/L 

M g S O 4 T H 2 O Sigma (Cat# M-7774) 0.20 g/L 

KCI Fisher Scientific (Cat# P217-3) 0.40 g/L 

N a 2 H P O 4 Sigma (Cat# S-5136) 0.140 g/L 

K H 2 P O 4 Sigma (Cat# P-5655) 0.060 g/L 

H E P E S Sigma (Cat# H-4034) 2.39 g/L 

D-Glucose Sigma (Cat# G-6152) 0.50 g/L 

EGTA Sigma (Cat# E-4378) 0.38 g/L 

N a H C O 3 Sigma (Cat# S-5761) 0.35 g/L 

B S A Sigma (Cat#A-9418) 5.0 g/L 

Penicillin-Streptomycin Invitrogen (Cat# 15140-122) 
1.0 X 10 b units/L 
(Pen) 
0.10 g/L (Strep) 

Note: To obtain a pH of 7.4, added 10.0 N NaOH dropwise, then filtered using 
0.22 |am Falcon (7111) bottle top filter into a sterile Pyrex glass bottle and stored 
at room temperature. 

dissociation medium. The tubes were then held in a 37°C water bath and 

aspirated gently with siliconized pasteur pipets for 7 minutes 

After the 7-minute aspiration in the water bath, 250 \xL of Trypsin (Roche, Cat# 

109819) (see Table IV.6) and 100 ^iL of DNAse I (Roche, Cat# 104159) (see 

Table IV.7) solutions were added to each tube and the aspiration continued for 

an additional 4 minutes. Once this was complete, 5.0 mL of dissociation medium 

was added to each centrifuge tube and the centrifuge tubes were centrifuged at 
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Table IV.6. Final Concentrations of Components in Trypsin Solution Used for 
Aggregate Dissociation 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

Trypsin Roche (Cat# 109819) 1.0 g/L 

Dissociation Medium Shown in Table IV.5 -

Note: Filtered using 0.2 ^m cellulose acetate syringe (VWR, Cat# 190-2520), 
aliquoted at 1.0 mL per 5 mL polypropylene tube, and stored at -20°C. 

Table IV.7. Final Concentrations of Components in DNAse I Solution Used for 
Aggregate Dissociation 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

DNAse I Roche (Cat# 104159) 0.40 g/L 

Dissociation Medium Shown in Table IV.5 -

Note: Filtered using 0.2 jxm cellulose acetate syringe, aliquoted at 1.0 mL per 5 
mL polypropylene tube, and stored at -20°C. 

1200 rpm for 2 minutes. The supernatant was then removed and 1X P B S was 

added to each tube. The centrifuge tubes were than centrifuged again at 1200 

rpm for 2 minutes. The supernatant was then removed leaving a pellet of single 

cells. 

Each negatively-charged Histobond slide (Marienfeld, Germany, 75 x 25 x 1mm) 

had two circles drawn with a Retractable Diamond Scriber (Cedarlane, Cat# 

70036). On each circle, a 20 |aL sample from the cell pellet was placed using a 

200 |aL pipet tip. There were 6 circles (i.e. 3 slides) per centrifuge tube. The 

slides were then allowed to sit at room temperature while the cells adhered to the 

slides. This generally took approximately 30 minutes; however, the slides 

needed to be closely monitored to avoid drying out of the slides. Once it 
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appeared the cells had adhered to the slides, 50 jxL of methanol-acetone fixative 

(1:1) (see Table IV.8) was added to each circle and the slides were then placed 

in the -20°C freezer for 10 minutes. After 10 minutes, the slides were removed 

from the freezer and placed into Staining Jars obtained from Fisher Scientific 

(Cat # 08-815-10) containing 70% ethanol and stored at 4°C before being 

stained. 

An antibody is an immunoglobulin that binds to a specific antigen. The specific 

antigen could be either a protein or polysaccharide existing on the insulin 

molecule, for example. Antigens can be intracellular (cell cytoplasm) or 

extracellular (cell membrane). Primary antibodies bind to a specific antigen. In 

order to detect the presence of a specific antigen, a secondary antibody is 

required which attaches to the primary antibody depending on the animal in 

which the primary antibody is produced (Chemicon, 1998). Primary antibodies 

used during immunocytochemistry included guinea pig anti-porcine insulin, rabbit 

anti-human C-peptide, mouse anti-porcine glucagon, rabbit anti-human 

somatostatin, rabbit anti-human pancreatic polypeptide, rabbit anti-human oc-

amylase, mouse anti-human CK7, mouse anti-human vimentin, and rabbit anti-

human PDX-1. Secondary antibodies included biotinylated anti-guinea pig, 

biotinylated anti-mouse, and biotinylated anti-rabbit. Positive controls were 

freshly isolated neonatal porcine pancreatic cells, as this population is known to 

express all these cell types. Negative controls were murine embryonic day 14 

neural stem cells (P10, isolated from the thalamus region of the forebrain of CD1 

albino mouse embryo), since these cells do not express any of the markers being 

stained for. 

For example, beta cells synthesize and secrete insulin in response to glucose. 

Insulin is stored in the cytoplasm in secretory granules formed by the Golgi 

apparatus (discussed in detail in Section 11.1.2.1). Primary antibodies bind to 

antigens present on the insulin molecule and secondary antibodies then 
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Table IV.8. Final Concentrations of Components in Methanol-Acetone Fixative 
Used for Cell Fixation onto Slides 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

Methanol Omnisolv (Cat# MX0488-1) 500.0 g/L 

Acetone Omnisolv (Cat# B90007) 500.0 g/L 

Note: Stored at -20°C. 

attach onto the primary antibodies indicating the presence of an insulin-positive 

cell. It is important to note that immunocytochemistry of previously received 

neonatal porcine pancreatic cells using insulin and C-peptide primary antibodies 

have shown there to be a similar number of cells expressing both markers at Day 

9 (within 10%). This indicates that cells are likely not taking up insulin from 

PPRF-p1 medium (particularly from the cell line tested). However, since it was 

not possible to test all cell lines used within this thesis, C-peptide was used as 

the primary antibody whenever possible, as opposed to insulin, to ensure the 

cells staining positive were in fact beta cells. 

The protocol used to perform immunocytochemistry on the slides was as follows: 

1. Place slides in a Staining Jar containing 1X P B S for 10 minutes. 

2. Make Vectastain Avidin-Biotin Complex (ABC) (Vector Laboratories, Cat# 

PK-4000): 

a. Pipet 5.0 mL of Antibody Dilution Buffer (Dako, Cat# S2005) into 5 

mL polypropylene tube. 

b. Add 1 drop of Solution A and 1 drop of Solution B from A B C 

Complex kit. 

c. Stir and let sit in refrigerator for at least 1 hour before using. 

3. Microwave slides in 1X 0.010 M Sodium Citrate Buffer (pH 6.0) three 

times for 10 seconds each. See Table IV.9 for components of buffer. 



4. Place slides in a Staining Jar containing 1X PBS for 10 minutes. 

5. Place slides in a Staining Jar containing 10% Hydrogen Peroxide (50% 

Hydrogen Peroxide from Fisher Scientific, Cat# H341-500) in Methanol 

(Omnisolv, Cat# MX0488-1) for 6 minutes. This solution must be made 

fresh for every use. See Table IV. 10 for components of solution. 

6. Place slides in Staining Slide Rack (Fisher Scientific, Cat# 08-812-1B) 

with Slide Rack Handles (Fisher Scientific, Cat# 08-812-1C) in a plastic 

container containing distilled water for 5 minutes. 

7. Make moist environment in a plastic staining tray covered with aluminum 

foil by placing moistened paper towels at bottom of tray. 

8. Remove 1 slide from distilled water at a time, dry a ring around the sample 

using the aspirator, and draw a circle around the sample with a Delimiting 

Pen (Dako! Cat# S2002). Place 70 uL of 1X P B S on sample to prevent 

drying out and repeat for each slide. 

Table IV.9. Final Concentrations of Components in 10X 0.010 M Sodium 
Citrate Buffer Used in Immunocytochemistry 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

Trisodium Citrate Sigma (Cat# S-4641) 29.4 g/L 

Water - -
Note: Adjust pH to 6.0. M ake 1X solution by diluting 100.0 mL of 10X solution 
with 900.0 mL water. 

Table IV.10. Final Concentrations of Components in Quenching Solution (10% 
Hydrogen Peroxide in Methanol) Used in Immunocytochemistry 

Components 
Supplier 

(Catalogue Number) 

Final 

Concentration 

50% Hydrogen Peroxide Fisher Scientific (Cat# H341-500) 100.0 g/L 

Methanol Omnisolv (Cat# MX0488-1) 800.0 g/L 
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9. After all slides have been circled, suction off 1X P B S using aspirator and 

pipet 70 jaL of 20% Normal Goat Serum (Dako, Cat# X0501) onto each 

sample. Cover tray with lid and incubate at room temperature for 15 

minutes. 

10. Suction off 20% Normal Goat Serum using aspirator. 

11. Pipet 70 (xL of primary antibody onto each section. Cover staining tray 

and incubate at room temperature for 1 hour. See Table IV. 11 for primary 

antibodies. 

12. Tip slides to drain off primary antibody and place slides in Staining Jar 

containing 1X P B S for 2 minutes. Repeat twice for a total of three 2 

minute washes in 1X P B S . 

13. Suction off excess 1X P B S using aspirator, but do not let slides dry. 

14. Pipet 70 |xL of secondary antibody onto each section. Cover staining tray 

and incubate at room temperature for 20 minutes. See Table IV. 11 for 

secondary antibodies. 

15. Tip slides to drain off secondary antibody and place slides in Staining Jar 

containing 1X P B S for 2 minutes. Repeat twice for a total of three 2 

minute washes in 1X P B S . 

16. Suction off excess 1X P B S using aspirator, but do not let slides dry. 

17. Pipet 70 |xl_ of A B C Complex onto each section. Cover staining tray and 

incubate at room temperature for 40 minutes. 

18. Prepare working Liquid Diaminobenzidine (DAB) (Biogenex, Cat# 

HK1305K). This must be prepared fresh for every use. 

a. Pipet 2.50 mL of Substrate Buffer from DAB kit into a 5 mL 

polypropylene tube. 

b. Add 2 drops of Liquid Chromagen from DAB kit to the same 5 mL 

polypropylene tube. 

c. Add 1 drop of Hydrogen Peroxide from DAB kit to the same 5 mL 

polypropylene tube. 
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Table IV.11. Blocking, Primary, and Secondary Antibodies Used in 
Immunocytochemistry 

Suppl ier 

(Catalogue Number) 
Dilution 

B lock ing Serum 

Normal Goal Serum Dako (Cat#X0501) 20% 

Primary Ant ibodies 

Guinea Pig Anti-Porcine Insulin Dako (Cat# A0564) 1:1000 

Mouse Anti-Porcine Glucagon Sigma (Cat# G-2654) 1:5000 

Rabbit Anti-Human 

Somatostatin 
Dako (Cat# A-0566) 1:1000 

Rabbit Anti-Human Pancreatic 

Polypeptide 
Dako (Cat#A-0619) 1:1000 

Rabbit Anti-Human a-Amyalse Sigma (Cat# A-8273) 1:250 

Mouse Anti-Human CK7 Dako (Cat# M7018) 1:50 

Mouse Anti-Human Vimentin Dako (Cat# M0725) 1:100 

Rabbit Anti-Human PDX-1 Sigma (Cat# P-9995) 1:500 

Rabbit Anti-Human C-Peptide Lineo (Cat #4020-01) 1:1000 

Secondary Ant ibodies 

Biotinylated Anti-Guinea Pig -

Made in Goat (BGA-GP) 

Vector Laboratories (Cat# 

BA-7000) 
1:200 

Biotinylated Anti-Mouse -

Made in Goat (BGAM) 

Vector Laboratories (Cat# 

BA-9200) 
1:200 

Biotinylated Anti-Rabbit - Made 

in Goat (BGAR) 

Vector Laboratories (Cat# 

BA-1000) 
1:200 

Note: All antibodies diluted in Anti body Dilution Buffer (Dako, Cat# S2005) 
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d. Mix well and test DAB by adding 50 uL of DAB with 50 uL A B C 

Complex in spare centrifuge tube. If a dark red-brown solution 

forms, the DAB is working. 

19. Tip slides to drain off A B C Complex and place slides in Staining Jar 

containing 1X P B S for 2 minutes. Repeat twice for a total of three 2 

minute washes in 1X P B S . 

20. Suction off excess 1X P B S using aspirator, but do not let slides dry. 

21. Pipet 70 U.L of DAB onto each section. Cover staining tray and incubate at 

room temperature for 15-30 minutes. Check positive controls under 

microscope every 5 minutes to see if stain is developed. 

22. Tip slides to drain off DAB and place slides in Staining Jar containing 

distilled water for 2 minutes. Repeat twice for a total of three 2 minute 

washes in 1X PBS. 

23. Put slides in Staining Slide Rack and into Slide Dish (Fisher Scientific, 

Cat# 08-812-1 A) containing 70% ethanol for 1 minute, followed by 95% 

ethanol for 1 minute, followed by 3 separate washes of 100% ethanol 

each for 1 minute [70% and 95% ethanol prepared from diluting 100% 

ethanol from Commercial Alcohols Inc. (Cat# 432526)]. 

24. Put slides through 3 separate washes of Xylene (Fisher Scientific, Cat# 

X3P-1GAL) for 5 minutes each. 

25. Remove slides from Xylene, hold slide right side up, and apply 3-4 drops 

of Entellan Mounting Media (Cedarland, Cat# 14802). Place cover slip 

(Fisher Scientific, Cat# 12-545M) over sample and make sure there are no 

air bubbles between cover slip and slide. 

Once immunocytochemistry was complete, a total of 500 cells (positive and 

negative cells) on each slide were counted using a Zeiss Axiovert 200M 

Microscope (Zeiss, Germany) to determine cell compositions in the total 

population of cells. 
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IV.6.5 Measurement of pH 

In order to measure the pH of media, 2.0 mL samples were obtained in duplicate 

in 15 mL centrifuge tubes. These samples were placed in an incubator 

maintained at 37°C and 5% C O 2 for a minimum of 2 hours with the centrifuge 

tube caps loosened to re-equilibrate. Centrifuge tubes were capped tightly after 

removing from the incubator so that C O 2 could not be lost to the air. The pH was 

then measured at room temperature on an Accument Basic AB15 pH Meter 

(Fisher Scientific), which was calibrated using a pH 7 Buffer Solution (VWR, Cat# 

34170-130) and a pH 4 Buffer Solution (VWR, Cat# 34170-127) or a pH 10 

Buffer Solution (VWR, Cat# 34170-133) before every use. 

IV.6.6 Measurement of Osmolality 

Osmolality is measured in milliosmoles (mOSm) per kilogram of water (kg H 2O). 

In order to measure the osmolality of media, 2.0 mL samples were obtained in 

duplicate. Osmolality was measured using an Osmette S Model 4002 

Osmometer (Precision Systems Inc., Natick, Massachusetts). The Osmometer 

was calibrated before every use with 100 mOsm/kg H 2 O calibration fluid 

(Precision Systems Inc., Cat# 2101) and 500 mOsm/kg H 2 O calibration fluid 

(Precision Systems Inc., Cat# 2105). The Osmometer measures the freezing-

point depression of the sample. The osmolality of the sample is then expressed 

as an equivalent concentration of sodium chloride. The Osmometer was 

operated using the instructions provided by the manufacturer. 

IV.6.7 Measurement of Glucose, Lactate, Glutamine, and Ammonia 

Glucose, lactate, glutamine, and ammonia concentrations were determined using 

a Nova Biomedical Bioprofile 100 Analyzer (Nova Biomedical, Waltham, 

Massachusetts), which was operated using protocols provided by the 

manufacturer. 
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The Nova Biomedical Bioprofile 100 Analyzer measures biochemical 

concentrations of glucose and lactate using polymeric membranes on sensor 

probes. In the presence of a specific substrate, such as glucose or lactate, 

immobilized substrate-specific oxidase enzymes on the membranes cause a 

catalytic reaction to occur in which the substrate is converted to hydrogen 

peroxide. The hydrogen peroxide reacts with platinum on the sensor probe, 

which causes electrons to be released. The flow of electrons is a direct measure 

of the concentration of the substrate. Glutamine was measured similarly; 

however, a chain of enzymes was first required to convert glutamine to glutamate 

followed by the conversion of glutamate to hydrogen peroxide. 

The Nova Biomedical Bioprofile 100 Analyzer measured ammonia concentrations 

using Ion Selective Electrodes (ISE), which measure the activity of ions. The 

contact between an ISE and a sample leads to the development of a membrane 

potential, which is measured against a reference electrode. 

IV.6.8 Measurement of Amino Ac ids 

Amino acid concentrations were determined using a reverse-phase high 

performance liquid chromatography (HPLC) column (Agilent Technologies). The 

fluorescence detector on a Hewlett-Packard 1100 liquid chromatograph 

measured the absorbances of o-phthalaldehyde (OPA) (Agilent Technologies, 

Part# 5061-3335) and 9-fluorenylmethylchloroformate (FMOC) (Agilent 

Technologies, Part# 5061-3337) derivatives separated on the column at 340 nm. 

Separate vials were prepared containing the sample to be analyzed, OPA, 

FMOC, and borate buffer (Agilent Technologies, Part# 5061-3339). The final 

mixture contained 5 u,L of borate buffer, 1 u.L of OPA, 1 uL of the sample, and 1 

u-L FMOC. The solution was then injected into the column with 100% Eluent A 

(sodium acetate trihydrate, triethylamine, and tetrahydrofuran) and 0% Eluent B 

(sodium acetate trihydrate, acetonitrile, and methanol). During the run, the 

fraction of Eluent B increased to 100%, which caused the pH to change in the 
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column. The change in pH caused different amino acids to have different 

residence times. Residence time is referred to the amount of time an amino acid 

spends in the column, which is unique to each amino acid. The integration of 

area under the response curve for each amino acid allows the concentration of 

that specific amino acid to be determined. 

IV.6.9 Static Incubation Assay 

In order to determine whether the pancreatic cells cultured were able to respond 

to glucose levels by producing insulin and/or C-peptide, a static incubation assay 

was performed. This involved the preparation of four types of media, G-0, G-50, 

G-360, and G-360-T-180. In order to prepare these media, Roswell Park 

Memorial Institute (RPMI) 1640 Medium (1X) without glucose was obtained from 

Invitrogen (Cat# 11879-020). 

To make 100.0 mL of G-0, which was glucose-free medium, 0.0218 g of 

CaCI 2 -2H 2 0 and 0.050 g RIA grade BSA was added to the RPMI 1640 Medium. 

In addition, this medium contained 1.0 x 10 5 units/L of penicillin and 0.10 g/L of 

streptomycin. 

In order to prepare G-360, 0.360 g of D-glucose was added to 100.0 mL of G-O 

medium. This gave a final glucose concentration of 20.0 mM. G-360-T-180 was 

prepared by adding 0.360 g of D-glucose and 0.180 g of theophylline (Sigma, 

Cat# T-1633) to 100.0 mL of G-O medium. This gave a final glucose 

concentration of 20.0 mM and a final theophylline concentration of 10.0 mM. In 

order to prepare G-50, 16.3 mL of G-360 was added to 100.0 mL of G-0. This 

medium had a final glucose concentration of 2.80 mM, which is the basal level. 

All media were then filtered using a 0.22 um Falcon (7111) bottle top filter into a 

sterile Pyrex glass bottle and stored at 4°C. 
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As reported by Korbutt et al. (1996) at the 9 t h day of culture, 50-100 aggregates 

in 300 \iL are suspended in 1.20 mL of pre-incubated medium to make a total of 

1.50 mL. This gives approximately 33-67 aggregates/mL of medium. In order to 

obtain 50-100 aggregates, approximately 10.0 mL samples were obtained 

depending on the cell density in each suspension bioreactor. The cells were 

allowed to settle gravitationally. Centrifugation causes the cells to undergo 

stress and release insulin; therefore gravitational settling was used throughout 

this assay. Once the cells had settled, 9.50 mL of supernatant was removed and 

10.0 mL of G-50 was added. The cells were allowed to settle once again. After 

settling, 10.0 mL of supernatant was removed and 10.0 mL of G-50 was added. 

This was done to wash the cells twice with G-50. A representative sample of 

cells was then placed into a gridded 96-well microplate to determine the number 

of aggregates in the sample in order to remove enough supernatant such that 

300 ^L samples contain approximately 100 aggregates. 

Twenty four-well plates obtained from V W R (Cat# 353047) were pre-incubated 

for 2 hours with two wells containing 1.20 mL of G-50, two wells containing 1.20 

mL of G-360, and two wells containing 1.20 mL of G-360-T-180 for each 

suspension bioreactor (i.e. for 8 suspension bioreactors: 2 G-50, 2 G-360, 2 G-

360-T-180 = 48 wells). From the remaining sample of cells, 300 jaL was placed 

into each well, to give approximately 67 aggregates/mL of medium (i.e. 100 

aggregates/well). The well-plates were then incubated at 37°C and 5% C O 2 for 2 

hours. After 2 hours, the well-plates were removed and 700 \iL supernatant 

samples were obtained from each well by tipping the well-plate to the side and 

drawing the supernatant from the top of the well into 5 mL polypropylene tubes. 

These samples were then stored at -20°C until being processed for insulin by an 

enzyme-linked immunosorbent assay or for C-peptide by a radioimmunoassay. 
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IV.6.10 Enzyme-Linked ImmunosorbentAssay 

The insulin enzyme-linked immunosorbent assay (ELISA) is a solid phase two-

site enzyme immunoassay, which in this case was used to detect porcine insulin. 

This is based on the direct sandwich technique where two monoclonal antibodies 

attach against separate antigenic determinants on the insulin molecule. When 

the sample is incubated, insulin in the sample will react with peroxidase-

conjugated anti-insulin antibodies and anti-insulin antibodies that are attached to 

the microtitration well. A washing step removes the unattached enzyme labeled 

antibody. The attached conjugate is detected by a reaction with 3,3',5,5'-

tetramethylbenzidine (TMB). This reaction is stopped by adding acid (stop 

solution), which gives a colorimetrie endpoint. This can be read 

spectrophotometrically. 

In order to perform a porcine insulin ELISA, a kit was obtained from Mercodia 

(Cat# 10-1129-01), which contained anti-insulin microtitration strips (mouse 

monoclonal) in a 96-well microplate, porcine insulin standards ranging from 0.0 

|ig/L to 1.0 ng/L, anti-insulin conjugate stock solution (peroxidase conjugated 

mouse monoclonal anti-insulin), conjugate buffer, wash buffer, substrate TMB, 

and the stop solution (0.50 mol/L H 2 SO 4 ) . The following protocol was used in 

obtaining absorbance at 450 nm: 

1. Add 25 |J_ of porcine insulin standards and samples to each well 

containing anti-insulin antibodies bound to the bottom of the well. 

2. Add 50 |xL of anti-insulin conjugate solution to each well. 

3. Place 96-well microplate on a Lab-Line Orbit Environ Shaker (Melrose 

Park, Illinois) operating at 100 rpm at room temperature for 2 hours. 

4. Wash each well 6 times with 350 jaL of wash buffer using a Multichannel 

Adjustable Pipet (Rose Scientific, Ltd., Cat# 851-12-200). After the final 

wash, invert well plate and tap firmly against paper towels. 

5. Add 200 |xL of substrate TMB to each well. 
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6. Incubate well plate at room temperature for 15 minutes. 

7. Add 50 u,L of stop solution to each well and place on shaker for 5 seconds 

to ensure mixing. 

8. Measure the absorbance at 450 nm using an Automated Microplate 

Reader Model EL340 (Bio-Tek Instruments Inc., Winooski, Vermont). 

9. Plot known concentrations of standards on the x-axis and the 

corresponding absorbance readings on the y-axis to obtain standard 

curve. 

10. Using the standard curve, determine the concentration of porcine insulin in 

the samples in u.g/L through interpolation. 

IV.6.11 Radio immunoassay 

Radioimmunoassays (RIA) use the double antibody/PEG technique to determine 

the level of a particular protein in tissue culture medium, which is porcine C-

peptide in this case. A fixed concentration of labeled tracer antigen is incubated 

with a constant dilution of antiserum in order to ensure that the concentration of 

antigen binding sites on the antibody is limited. If unlabeled antigen is added, 

there is competition between the labeled tracer and unlabeled antigen for the 

limited number of binding sites on the antibody. Therefore, the amount of tracer 

bound to the antibody will decrease as the concentration of unlabeled antigen 

increases. After separating antibody-bound from free tracer, this can be 

measured. Therefore, this assay requires four components: a specific antiserum 

to the antigen being measured, a radioactive labeled form of the antigen, a 

technique of separating antibody-bound tracer from unbound tracer, and 

equipment to determine radioactivity. 

In order to perform a porcine C-peptide RIA, a kit was obtained from Lineo 

Research (Cat# PCP-22K), which contained Assay Buffer (0.050 M 

Phosphosaline at a pH of 7.4 containing 0.025 M EDTA, 0.080% Sodium Azide, 

and 1.0% RIA grade BSA), Antiserum (Guinea Pig anti-Porcine C-Peptide Serum 



in Assay Buffer), 1 2 5 I-Porcine C-Peptide Label, Label Hydrating Buffer (Assay 

Buffer containing Normal Guinea Pig Serum as a carrier), Porcine C-Peptide 

Standards (Purified Recombinant Porcine C-Peptide in Assay Buffer ranging 

from 0.10 ng/mL to 10.0 ng/mL), Quality Controls (Purified Recombinant Porcine 

C-Peptide in Assay Buffer), and Precipitating Reagent (Goat anti-Guinea Pig IgG 

Serum, 3.0% P E G , and 0.050% Triton X-100 in 0.050 M Phosphosaline, 0.025 M 

EDTA, and 0.080% Sodium Azide). The following protocol was used: 

Day 1: 

1. Label 5 mL borosilicate glass tubes (12 X 75 mm, VWR, Cat# 60825-406) 

from numbers 1 to 24 plus the number of samples being run. 

2. Add 300 uL of Assay Buffer to the Non-Specific Binding (NSB) tubes 

(tubes 3 and 4). Add 200 uL of Assay Buffer into the Reference (Bo) 

tubes (tubes 5 and 6). Add 100 uL of Assay Buffer to tubes 7 through the 

end of the samples. 

3. Add 100 U.L of Standards and Quality Controls in duplicate into tubes 

(tubes 7-24). 

4. Add 100 uL of each sample in duplicate (tubes 25 onwards). 

5. Add 100 uL of Porcine C-Peptide Antibody to all tubes except Total Count 

tubes (tubes 1 and 2) and NSB tubes (tubes 3 and 4). 

6. Vortex, cover, and incubate for 24 hours at 4°C. 

Day 2: 

7. Hydrate the 1 2 5 I-Porcine C-Peptide tracer with 27.0 mL of Label Hydrating 

Buffer and gently mix. Add 100 uL of 1 2 5 I-Porcine C-Peptide to all tubes. 

8. Vortex, cover, and incubate for 24 hours at 4°C. 

Day 3: 

9. Add 1.0 mL of 4°C Precipitating Reagent to all tubes except Total Count 

tubes (tubes 1 and 2). 

10. Vortex and incubate for 20 minutes at 4°C. 
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11. Centrifuge at 4°C for 50 minutes at 3600 rpm in a centrifuge (Damon/IEC 

Division). 

12. Pour out supernatant from all tubes immediately, except Total Count tubes 

(tubes 1 and 2), drain tubes for at least 15-60 seconds once, and blot 

excess liquid from top of tubes. 

13. Count all tubes in gamma counter (LKB Wallac, 1274 RIAGAMMA) for 1 

minute. 

14. Average duplicate counts for Total Count tubes (tubes 1 and 2), NSB 

tubes (tubes 3 and 4), Total Binding tubes (reference, Bo) (tubes 5 and 6), 

and all duplicate tubes for standards and samples. 

15. Subtract the average NSB count from each of the average counts with the 

exception of the Total Counts. 

16. Calculate the percent of tracer bound: (Total Binding Counts / Total 

Counts) * 100. 

17. Calculate the percent of total binding (%B/Bo) for each standard and each 

sample: %B/Bo = (Sample or Standard I Total Binding) * 100. 

18. Using a log-log graph, plot the known concentration of the standards on 

the x-axis and the %B/Bo for each standard on the y-axis. This gives the 

standard curve. 

19. Using the standard curve, determine the concentration of porcine C-

peptide in the samples in ng/mL through interpolation. 

IV.6.12 Enzymatic Aggregate Dissociation Protocol 

In order to dissociate the cells enzymatically, all the medium and cells were 

removed from each suspension bioreactor into 50 mL centrifuge tubes and 

centrifuged at 1000 rpm for 10 minutes to obtain cell pellets. The cell pellet was 

then transferred to another 50 mL centrifuge tube containing 1X Hanks' Balanced 

Salt Solution (HBSS) (1.30 mM CaCI 2 *2H 2 0 , 0.80 mM M g S O 4 , 5.40 mM KCI 1 

0.40 mM K H 2 P O 4 , 4.20 mM N a H C O 3 , 137.0 mM NaCI, 0.30 mM N a 2 H P O 4 , 5.60 

mM D-Glucose) and centrifuged at 1500 rpm for 1 minute. The supernatant was 
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then removed and washed with dissociation medium (see Table IV.5). The cells 

were then transferred to a siliconized (10% Sigmacote in hexane) 250 mL 

Erlenmeyer flask containing dissociation medium to make up a total volume of 

40.0 mL. The Erlenmeyer flask containing the suspension was then placed onto 

a shaker set at 37°C for 7 minutes using gentle shaking at 100 rpm. The flask 

was then removed and 1000 \xL of 1.0 g/L Trypsin solution (Table IV.6) and 400 

uL of 0.40 g/L DNAse I solution (Table IV.7) was added to the flask. The flask 

was then placed back on the shaker for 12 minutes. At this point, dissociation of 

approximately 50% of the aggregates was acceptable. The semi-digested 

suspension was then transferred to a new 50 mL centrifuge tube and the flask 

was rinsed with 10.0 mL of dissociation medium for a total suspension volume of 

50.0 mL. At this point, it was normal to see a sticky DNA portion. This 

suspension volume was then centrifuged at 800 rpm for 1 minute. The 

supernatant, which contained all single cells, was transferred to a new centrifuge 

tube and set aside. The remaining pellet contained non-dissociated aggregates 

that required an additional digest. This procedure was then repeated for these 

aggregates until all single cells were obtained. The suspension of single cells 

obtained from both digests was then centrifuged at 1500 rpm for 5 minutes. The 

supernatant was then removed and each of the cell pellets was suspended in 

10.0 mL of fresh dissociation medium in 15 mL centrifuge tubes. The first single 

cell suspension was then filtered through a 70 ^m filter (VWR, Cat# 352350) 

followed by the second single cells suspension each into a 50 mL centrifuge 

tube. This removed any DNA that may have been present. The centrifuge tubes 

were then rinsed with 30.0 mL of dissociation medium. The cells were then 

resuspended into fresh culture medium into suspension bioreactors. 

IV.6.13 Chemical Aggregate Dissociation Protocol 

A new method was developed to dissociate neural stem cell aggregates (Sen et 

al., 2004). This method was adjusted and optimized for porcine pancreatic 

aggregates. This modified procedure involved the addition of 3.0 mL of PPRF-p1 
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to a 15 mL centrifuge tube containing a pellet of cells. This was followed by the 

addition of 3.0 mL of a basic version of PPRF-p1 (pH = 12.3), which gave a final 

pH of 11.1. The sample was then aspirated ten times using a p1000 pipet tip 

every minute for 7 minutes. After 7 minutes, 1.50 mL of PPRF-p1 was added to 

the centrifuge tube followed by 3.0 mL of an acidic version of PPRF-p1 (pH = 1.3) 

in order to neutralize the pH of the sample. This chemical dissociation resulted in 

a single cell suspension. 

IV.7 EXPERIMENTAL VARIABILITY 

To accurately determine cell density and culture composition, suspension 

bioreactors were run in duplicate and duplicate samples were taken from each 

bioreactor for Grid Cell Counts, DNA assay, insulin assay, and 

immunocytochemistry. Experiments performed in duplicate allow for more 

accurate results to be obtained. More than duplicate trials could not be 

performed due to time constraints. The average of the four values (duplicate 

samples taken from duplicate suspension bioreactors) was taken to determine 

the final value. Taking the average of results obtained from duplicate suspension 

bioreactors was justified as each bioreactor was exposed to the same 

environmental conditions. All error bars on graphs represent the standard 

deviation of the mean. 

Since there is variability in biological systems, obtaining cells from different 

organisms may lead to donor-to-donor variability. Experiments were performed 

with different cell lines, but general trends between cell samples were similar. 

However, it is important to note that the number of cells obtained from each 

porcine pancreas differed, which was attributed to donor-to-donor variability. 

This difference in the initial number of cells resulted in differing inoculation 

densities between experiments, which may have affected the experimental 

outcome. 
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IV.8 STATISTICAL ANALYSIS 

Statistical analysis was performed on all experimental data. It is important to 

draw conclusions based on meaningful differences in data. The method used in 

this thesis for determining statistical significance was the student's t-test. This 

test evaluates whether the means of two sets of data are statistically different. 

There are two types of t-tests: paired and unpaired. In the paired t-test, the two 

sets of data are assumed to be dependent on each other where one observation 

in the first set of data has some relationship with one observation in the second 

set of data. The unpaired t-test is used if the two sets of data are independent of 

each other. Therefore, the unpaired t-test was selected for data analysis within 

this thesis. 

The p value is a probability calculated from the t-test, which ranges from zero to 

one. This value depends on the size of the difference. A small value of p 

indicates that the difference in the two sets of data is statistically significant. 

Values of p less than or equal to 0.05 indicate a statistically significant difference 

between the two sets of data being compared. Values of p greater than 0.05 

indicate that the difference between the two sets of data being compared are 

statistically similar. The values of t and p are inversely proportional. The t-test 

compares the size of the difference between the means of the two sets of data 

with the standard error of the difference. The standard error of the difference 

combines the standard deviations of the two groups and the number of data 

points. The following steps describe how t is calculated (X¡ is each data point 

and n is the number of data points in each data set, ni and n2): 

1. Calculate the mean, u.m, for the two sets of data, u.mi and Ixm 2 l using 

Equation IV.5: 

Mm= (IV.5) 
n 
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2. Calculate the standard deviation, SD, for the two sets of data, SD i and 

S D 2 l using Equation IV.6: 

SD = j ^ = i ( < X i (IV.6) 

3. Calculate the standard error of the mean, S E M , for each of the data 

sets, S E M 1 and S E M 2 , using Equation IV.7: 

SEM = (IV.7) 

4. Calculate the standard error of the difference, S E , using Equation IV.8: 

SE = •^SEM2 +SEM2

2 (IV.8) 

5. Calculate the value of t using Equation IV.9: 

t = ^mx ^ m 2 ' (IV.9) 
SE 

The degrees of freedom is defined as r\<\ + n 2 - 2. Once the value of t is known, it 

is compared to a critical value of t for 95% confidence. This is done by using any 

t distribution table. This table includes columns of confidence limits and rows of 

degrees of freedom. Once these two values are known, they can be found on 

the table and the point of intersection indicates the critical t value. If the 

calculated t value is greater than the critical t value at a confidence limit of 0.05, 

then p is less than 0.05. In other words, we are 95% confident that the two sets 

of data are statistically different (Motulsky, 1995). In this thesis, * represents 
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p<0.05, ** represents p<0.005, and *** represents p<0.0001. All statistical 

analysis was performed using GraphPad InStat version 3.00 for Windows 

(GraphPad Software, San Diego, California). 
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CHAPTER V 

DETERMINATION OF CELL CULTURE MEDIUM CONDITIONS 
FOR PORCINE PANCREATIC CELLS IN SUSPENSION CULTURE 

V.1 OVERVIEW 

This chapter includes the development of cell culture media for the suspension 

culture of neonatal porcine pancreatic cells. Factors that were studied include 

type of medium, insulin in the medium, and medium pH. All experiments were 

carried out in suspension culture. In comparing two media types, results showed 

that after 9 days of culture, the cell density in the new PPRF-p1 medium was 

approximately 19,000 cells/mL, which was more than double that in the 

Edmonton (published) medium at approximately 9,400 cells/mL. Furthermore, 

PPRF-p1 medium yielded a greater percentage of endocrine cells at 

approximately 8.48% compared to Edmonton medium at approximately 4.81% 

and almost 13 times more insulin-positive cells after 9 days of culture. Therefore, 

PPRF-p1 medium was chosen for all further studies. The effect of insulin was 

then tested on porcine pancreatic cells by culturing the cells in suspension 

bioreactors containing PPRF-p1 with and without insulin. It was found that 

insulin in the medium led to more than double the number of insulin-positive 

cells. Lastly, the effect of medium pH was tested. After 9 days of suspension 

culture, it was found that PPRF-p1 at a pH of 7.3 yielded the greatest percentage 

of endocrine cells at approximately 17.1% when compared to PPRF-p1 at a pH 

of 6.8 at approximately 11.8% and PPRF-p1 at a pH of 7.8 at approximately 

1.88%. Furthermore, cells cultured in PPRF-p1 at a pH of 7.3 showed increases 

in the number of all endocrine cell types. 
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V.2 INTRODUCTION 

The determination of cell culture medium components for the expansion of 

porcine pancreatic endocrine cells is essential for scale-up to larger bioreactors. 

It is important to evaluate medium composition and bioreactor protocols for the 

growth of endocrine cells as these will greatly influence the extent to which these 

cells can be expanded. 

Medium composition has been shown to have a significant effect on the 

expansion of mammalian cells. This was the case with work done in our 

laboratory on the expansion of neural stem cells (Sen and Behie 1 1999). Two 

types of media were tested in this study, the Edmonton and PPRF-p1 media. An 

advantage of PPRF-p1 and the Edmonton media are that they are serum-free. 

Serum has its disadvantages in that it is chemically undefined and there are 

variations between batches, which can result in inconsistent cell growth. 

Furthermore, it is expensive, which is an important consideration in large-scale 

bioreactors (Butler, 1996). Lastly, there may be difficulties in the clinical 

application of cells cultured in fetal bovine serum due to the unknown pathogens 

that may exist. Alternatives to serum are supplements, such as insulin, 

transferrin, and selenite (Butler, 1996). An important study on insulin carried out 

by Clayton et al. (2001) showed that insulin may have a positive effect on the 

ability of beta cells to secrete insulin. Further studies on varying cell lines have 

shown that insulin reduces the rate of apoptosis (Clayton et al., 2001). 

Bioreactor conditions, such as pH, can affect cell growth. Exocrine cells make up 

approximately 99% of the mammalian pancreatic volume. This volume contains 

clusters of gland cells, which are called pancreatic acini, and ducts. The gland 

and duct cells secrete large amounts of an alkaline, enzyme-rich fluid and 

bicarbonate ions that are transferred through a duct to the small intestine 

(Campbell, 1996; Martini, 2001). This causes the majority of the pancreas to be 

basic. However, the pH within secretory granules in beta cells is relatively acidic 
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at about 5.5 (Persaud and Howell, 2003; Sondergaard et al., 2003). The pH level 

within the pancreas appears to vary. Therefore, pH studies were carried out on 

the porcine pancreatic cells to determine whether a basic or acidic pH could 

improve cell expansion. 

Key issues in culturing mammalian cells involve adequate nutrient and oxygen 

transfer to the cells. Two key nutrients that were tracked in this study were 

glucose and glutamine, as well as several amino acids, in order to determine if 

nutrient depletion was limiting cell growth. Oxygen kinetics is discussed in this 

chapter; however, the kinetics was not experimentally determined. 

V.3 EXPERIMENTAL RESULTS AND DISCUSSION 

V.3.1 Effect of Medium Type 

The first objective was to determine whether PPRF-p1 medium, which is a 

pancreatic medium developed in our laboratory, was superior to the published 

medium used for porcine pancreatic cells (Edmonton medium). In this 

experiment, fresh porcine pancreatic tissue (aggregates and single cells) isolated 

using the procedure of Korbutt et al. (1996) from one porcine pancreas [K1/PN(1-

3)] was obtained from the SMRI at room temperature in 50 mL centrifuge tubes 

containing the Edmonton medium. In order to compare the two media, cells from 

K1/PN(1-3) were split evenly into four 125 mL suspension bioreactors, two 

containing the Edmonton medium and two containing PPRF-p1 medium. This 

resulted in an inoculation density of approximately 50,000 cells/mL as 

determined by the grid cell count method. Once the cells were inoculated, 

suspension bioreactors were operated at 100 rpm in a 37°C incubator containing 

5% C O 2 . Cells were passaged every other day for 9 days. It should be noted 

that Day 0 denotes the end of Day 0 and the beginning of Day 1 (i.e. one day 

after cells were isolated), which is the beginning of the experiment (time of 
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inoculation) and Days 3 and 9 denote the end of the third and ninth day, 

respectively, on all Figures. 

Validation of the Grid Cell Count Method 

The cell densities for each suspension bioreactor found using the DNA assay are 

shown in Figure V.1. These were well below the minimum DNA concentration 

used at the SMRI to generate the standard curve from calf thymus DNA. 

Therefore, results had to be obtained through extrapolation, which introduced a 

high degree of uncertainty. The standard curve was not made available by the 

SMRI and therefore is not shown in this thesis. However, it is important to note 

that since a sample was taken from the total population of cells on Day 0 at 

which point the cell density was very high, the results from the DNA assay were 

within the standard curve and indicated that there were approximately 19.0 

million cells in the K1/PN(1-3) population. Using the grid cell count method, there 

were approximately 20.1 million cells. Since these two cell numbers were within 

5% of each other, the grid cell count method was determined to be a reliable 

means of determining cell densities and is used throughout this thesis. Further 

validation of the grid cell count method can be found in Sections VI.3.1 and 

Vl.3.2. 

Effect of Media on Cell Density 

Using grid cell counts, it was found that the cell densities in all bioreactors 

decreased throughout the 9-day culture period (Figure V.2). The cell density in 

the Edmonton medium decreased from approximately 50,000 cells/ml_ on Day 0 

to 9,400 cells/mL by Day 9. Cell densities in PPRF-p1 decreased from 

approximately 50,000 cells/ml_ to 19,000 cells/mL after 9 days of culture. 

As reported by Korbutt et al. (1996), the amount of DNA decreased from 4140 |xg 

at isolation to 394 \xg by Day 9 of petri-dish culture. Therefore, 9.5% of the cells 

present at Day 0 survived to Day 9. In this experiment, it was found that after 9 
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Effect of Media on Cel l Density at Days 0 and 9 
Measured Using D N A Assay 
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• Edmonton Medium DPPRF-p1 Medium 

Figure V.1 . Cell density (DNA Assay) at culture days 0 and 9 for K1/PN(1-3) 
porcine pancreatic cells cultured in Edmonton and PPRF-p1 media in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. 
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Effect of Med ia on Cel l Density at Days 0, 3, 
and 9 
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Figure V.2. Cell density (grid counts) at culture days 0, 3, and 9 for K1/PN(1-3) 
porcine pancreatic cells cultured in Edmonton and PPRF-p1 media in 125 ml_ 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. Statistical significance 
of difference calculated by unpaired t-test. ** p<0.005 (PPRF-p1 Medium at Day 
9 vs. Edmonton Medium at Day 9). 
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days of suspension culture in Edmonton and PPRF-p1 media, there were 

approximately 18.7% and 38.5%, respectively, of the cells when compared to 

and Day 0. Therefore, comparing the two types of media, Edmonton and P P R F -

p1, at the same inoculation level, it was found that cells cultured in PPRF-p1 had 

a higher cell survival rate after 9 days of culture (p<0.005). 

Effect of Media on Fraction of Cells Present as Aggregates 

The ability to culture the cells as aggregates has advantages from a bioreactor 

point of view. This allows for a perfusion system to be incorporated into the 

bioreactor design, as it is easier to add medium and remove wastes while 

retaining aggregates within the bioreactor. Furthermore, if these cells exhibit islet 

characteristics then they may be used for transplantation purposes. Also, it may 

be possible that these cells need to exist as aggregates to receive the 

appropriate paracrine and autocrine factors required for cell growth. 

The fraction of cells present as aggregates was tracked throughout the 

experiment as shown in Figure V.3. This was achieved through the use of the 

grid cell count method as it allowed for the tracking of both the single cell 

population and the number of cells in aggregates using a tissue packing density 

(determination of tissue packing density detailed in Section VI.3.1). It was found 

that the fraction of cells present as aggregates in the Edmonton medium 

increased from approximately 0.25 to 0.45 during the 9-day culture period. 

However, the fraction of cells present as aggregates in PPRF-p1 increased 

insignificantly from approximately 0.25 to 0.65 throughout the 9-day culture 

period (p<0.005). 

It was also found that the aggregate density in the Edmonton medium decreased 

from approximately 220 aggregates/mL to 140 aggregates/mL after 9 days of 

culture. However, in PPRF-p1 medium, the aggregate density increased from 

220 aggregates/mL to 430 aggregates/mL. 
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Effect of Media on Fraction of Cel ls Present as 
Aggregates at Days 0, 3, and 9 
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Figure V.3. Fraction of cells present as aggregates (grid counts) at culture days 
0, 3, and 9 for K1/PN(1-3) porcine pancreatic cells cultured in Edmonton and 
PPRF-p1 media in 125 mL suspension bioreactors operated at 100 rpm in an 
incubator maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 
days. Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(PPRF-p1 Medium at Day 9 vs. Edmonton Medium at Day 9), ** p<0.005 (PPRF-
p1 Medium at Day 9 vs. freshly isolated). 
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Effect of Media on Culture Composition 

The endocrine, exocrine, and ductal cell composition at Days 0, 3, and 9 can be 

seen in Figures V.4, V.5, and V.6, respectively. At Day 0, it was found through 

immunocytochemistry that the cell population consisted of approximately 2.27% 

endocrine cells (insulin-, glucagon-, somatostatin-, and pancreatic polypeptide-

positive), 93.1% exocrine cells (amylase-positive), and 4.66% ductal cells (CK7-

positive). After 9 days of culture, it was found that the endocrine cell composition 

increased in the Edmonton medium and PPRF-p1 medium to approximately 

4.81% and 8.48% (p<0.05), respectively. The exocrine cell composition 

decreased in the Edmonton and PPRF-p1 media to 1.47% and 1.75%, 

respectively (p<0.0001). The ductal cell composition in the Edmonton medium 

and PPRF-p1 medium increased to 10.9% (p<0.005) and 7.77%, respectively. 

Therefore, after 9 days of culture, an enriched population of endocrine cells is 

achieved in both media. The compositions of the remaining population of cells in 

all cultures were unknown. 

Figures V.7 and V.8 show the change in insulin-positive and glucagon-positive 

cell density during the 9-day culture period, respectively. It was found in the 

Edmonton medium in suspension culture that after 9 days of culture, there were 

approximately 14.4% of the insulin-positive cells (9,300 cells) remaining of those 

inoculated (65,000 cells) and 38.7% of the glucagon-positive cells (19,000 cells) 

compared to inoculation (50,000 cells). Cell populations in PPRF-p1 showed an 

increase of approximately 183% in the number of insulin-positive cells (118,000 

cells from 65,000 cells, p<0.005) and 53.7% (27,000 cells) of the initial number of 

glucagon-positive cells (50,000 cells). Since the cell density was higher and 

there were a higher percentage of insulin-positive and glucagon-positive cells in 

PPRF-p1 when compared to the Edmonton medium after 9 days, PPRF-p1 

yielded approximately 13 times more insulin-positive cells (p<0.005) and 1.5 

times more glucagon-positive cells (p<0.05) when compared to the Edmonton 

medium. 
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Effect of Med ia on Percent of Endocr ine Cel ls 
Present at Days 0, 3, and 9 
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Figure V.4. Percent of endocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K1/PN(1-3) porcine 
pancreatic cells cultured in Edmonton and PPRF-p1 media in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Cells passaged every other day for 9 days. Statistical significance of difference 
calculated by unpaired t-test. * p<0.05 (PPRF-p1 Medium at Day 9 vs. Edmonton 
Medium at Day 9, and PPRF-p1 Medium at Day 9 vs. freshly isolated). 
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Effect of Media on Percent of Exocrine Cel ls 
Present at Days 0, 3, and 9 
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Figure V.5. Percent of exocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K1/PN(1-3) porcine 
pancreatic cells cultured in Edmonton and PPRF-p1 media in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Cells passaged every other day for 9 days. Statistical significance of difference 
calculated by unpaired t-test. *** p<0.0001 (Edmonton Medium and PPRF-p1 
Medium at Day 9 vs. freshly isolated). 
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Effect of Media on Percent of Ductal Ce l ls 
Present at Days 0, 3, and 9 

25 i  

0 3 9 
Time (days) 

• EdmontonMedium D P P R F - p 1 Medium 

Figure V.6. Percent of ductal (CK7) cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K1/PN(1-3) porcine 
pancreatic cells cultured in Edmonton and PPRF-p1 media in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Cells passaged every other day for 9 days. Statistical significance of difference 
calculated by unpaired t-test. ** p<0.005 (Edmonton Medium at Day 9 vs. freshly 
isolated). 
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Effect of Media on Insulin-Positive Cel l Density 
at Days 0, 3, and 9 
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Figure V.7. Insulin-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K1/PN(1-3) porcine pancreatic 
cells cultured in Edmonton and PPRF-p1 media in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Cells passaged every other day for 9 days. Statistical significance of difference 
calculated by unpaired t-test. ** p<0.005 (PPRF-p1 Medium at Day 9 vs. 
Edmonton Medium at Day 9, and PPRF-p1 Medium at Day 9 vs. freshly isolated). 
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Effect of Media on Glucagon-Posi t ive Cel l 
Density at Days 0, 3, and 9 
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Figure V.8. Glucagon-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K1/PN(1-3) porcine pancreatic 
cells cultured in Edmonton and PPRF-p1 media in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Cells passaged every other day for 9 days. Statistical significance of difference 
calculated by unpaired t-test. * p<0.05 (PPRF-p1 Medium at Day 9 vs. Edmonton 
Medium at Day 9). 
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It was found that the number of somatostatin-positive cells decreased in both 

media (see Figure V.9) and no change was found in the number of pancreatic 

polypeptide-positive cells during the 9-day culture period (see Figure V.10). 

However, it is important to note that there were not any pancreatic polypeptide-

positive cells found in the Edmonton medium on Day 9, whereas these cells 

existed in PPRF-p1 medium. Data were not available at Day 0 for both 

somatostatin and pancreatic polypeptide cell populations. 

Total Intracellular Insulin Content 

Figure V.11 illustrates the total amount of insulin, using ELISA as described in 

Sections IV.6.3 and IV.6.10, found within the cells cultured in each medium at 

Days 0 and 9. The amount of insulin in bioreactors containing PPRF-p1 is 

significantly higher than the bioreactors containing the Edmonton medium. This 

may be because there were a higher number of insulin-positive cells in 

populations cultured in PPRF-p1 than the Edmonton medium. However, 

although cells were washed with insulin-free medium prior to the insulin assay, it 

is possible that insulin was taken up by the cells during culture in PPRF-p1 and is 

being detected by the assay. In this case, a C-peptide assay would have been 

more appropriate. 

Summary of Results and Discussion: Effect of Medium Type 

Cells cultured in PPRF-p1 medium were found to have twice the cell survival 

rates than cells cultured in the Edmonton medium (published) after a 9-day 

culture period (p<0.005). Furthermore, PPRF-p1 yielded almost double the 

percentage of endocrine cells (p<0.05) and almost 13 times more insulin-positive 

cells (p<0.005) after 9 days of suspension culture. Lastly, a greater fraction of 

cells were present in aggregates in PPRF-p1 as compared to the Edmonton 

medium (p<0.05). 
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Effect of Media on Somatostatin-Posit ive Cel l 
Density at Days 0, 3, and 9 
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Figure V.9. Somatostatin-positive cell density at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K1/PN(1-3) porcine 
pancreatic cells cultured in Edmonton and PPRF-p1 media in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Cells passaged every other day for 9 days. Data not available for Day 0. 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(PPRF-p1 Medium at Day 9 vs. Edmonton Medium at Day 9). 
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Effect of Med ia on Pancreat ic Polypeptide-
Posit ive Cel l Density at Days 0, 3, and 9 
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Figure V.10. Pancreatic Polypeptide-positive cell density at culture days 0, 3, 
and 9 in a total population (single cells + cells in aggregates) of K1/PN(1-3) 
porcine pancreatic cells cultured in Edmonton and PPRF-p1 media in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% CO2. Cells passaged every other day for 9 days. Data not available for 
Day 0. Pancreatic polypeptide-positive cells not found in cells cultured in the 
Edmonton medium. 



128 

Effect of Media on Total Intracellular Insulin 
Content at Days 0 and 9 
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Figure V.11. Total intracellular insulin content from all cells harvested at culture 
days 0 and 9 for K1/PN(1-3) porcine pancreatic cells cultured in Edmonton and 
PPRF-p1 media in 125 mL suspension bioreactors operated at 100 rpm in an 
incubator maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 
days. 
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It may be possible that cells cultured in PPRF-p1 medium had a higher survival 

rate and higher percentage of endocrine cells when compared to cells cultured in 

the Edmonton medium due to two growth factors, E G F and F G F 1 which are 

components of PPRF-p1 . Recent research has shown that these growth factors 

are expressed in the developing murine pancreas and stimulate growth and 

morphogenesis of the pancreas. It has also been found that FGF controls beta 

cell function in mice (Edlund, 2002). Furthermore, FGF has been shown to act in 

a paracrine manner with human pancreatic cells stimulating the clustering of cells 

into islet-like aggregates in vitro (Hardikar et al., 2003). Therefore, the higher 

fraction of cells present as aggregates in PPRF-p1 may be attributed to FGF. 

The decrease in exocrine cells may be due to endogenous production of 

proteases, such as trypsin (Lakey et al., 2001). This may be causing the death 

of exocrine cells as well as other cell types. Therefore, if exocrine cells were 

removed from the population, it may be possible that the endocrine cell number 

would increase at a higher rate than seen here in the 9-day culture period. 

Based on these results, further studies were carried out using PPRF-p1 medium. 

The next section will discuss the effect of insulin on cell growth and population 

composition. 

V.3.2 Effect of Insulin in Medium 

Based on results found in the medium studies, further studies were conducted 

using PPRF-p1 medium. The next objective was to determine whether insulin in 

the PPRF-p1 medium had an effect on cell growth. Insulin was tested for two 

reasons. Firstly, insulin is a hormone produced by beta cells in response to 

glucose, and secondly, insulin is one of the supplements used in serum-free 

media. Therefore, it was important to determine what effect insulin had on cell 

growth and population composition. 
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In this experiment, fresh porcine pancreatic tissue (aggregates and single cells) 

isolated using the procedure of Korbutt et al. (1996) from one porcine pancreas 

[K3/PN(1-3)] was obtained from the SMRI at room temperature in 50 mL 

centrifuge tubes containing the Edmonton medium. Cells from this pancreas 

were split evenly into four 125 mL suspension bioreactors. Two bioreactors 

contained PPRF-p1 with insulin at a concentration of 0.0230 g/L and two 

bioreactors contained PPRF-p1 without insulin. This particular concentration of 

insulin was tested as it has been found to be effective for neural stem cell 

cultures at P P R F (Sen, 2003). Once the cells were inoculated, suspension 

bioreactors were operated at 100 rpm in a 37°C incubator containing 5% C O 2 . 

Cells were passaged every other day for 9 days. It should be noted that Day 0 

denotes the end of Day 0 and the beginning of Day 1 (i.e. one day after cells 

were isolated), which is the beginning of the experiment (time of inoculation) and 

Days 3 and 9 denote the end of the third and ninth day, respectively, on all 

Figures. Furthermore, cells had not yet been exposed to exogenous insulin on 

all Figures showing Day 0, as these are results prior to inoculation when the cells 

arrived from the SMRI in the Edmonton medium, which is insulin-free. 

Effect of Insulin on Cell Density 

Figure V.12 shows the cell densities in PPRF-p1 medium with and without insulin 

at Days 0, 3, and 9 of culture. The cell inoculation density in each bioreactor was 

found to be approximately 134,000 cells/mL. The cell densities in all bioreactors 

showed a decline in the 9 days of culture. Cell densities in PPRF-p1 with and 

without insulin decreased from approximately 134,000 cells/mL to approximately 

60,000 cells/mL after 9 days of culture. Therefore, there were approximately 

45% of the cells remaining after 9 days. Hence, it was concluded that insulin at a 

concentration of 0.0230 g/L in the medium did not have an effect on the cell 

density during the 9-day culture period. 
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Effect of Insulin on Cell Density at Days 0, 3, 
and 9 
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Figure V.12. Cell density (grid counts) at culture days 0, 3, and 9 for K3/PN(1-3) 
porcine pancreatic cells cultured in insulin (0.0230 g/L) and insulin-free PPRF-p1 
media in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
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Effect of Insulin on Fraction of Cells Present as Aggregates 

The fraction of cells present as aggregates is shown in Figure V.13. It was found 

that the fraction of cells present as aggregates in PPRF-p1 medium with and 

without insulin did not change significantly during the 9-day culture period. 

Effect of Insulin on Culture Composition 

Immunocytochemistry indicated that at Day 0, the cell population consisted of 

approximately 1.78% endocrine cells (insulin-, glucagon-, somatostatin-, and 

pancreatic polypeptide-positive), 92.1% exocrine cells (amylase-positive), and 

4.49% ductal cells (CK7-positive). A 9-day culture period yielded an increase in 

the endocrine cell composition to approximately 17% in PPRF-p1 medium with 

and without insulin (p<0.005) (see Figure V.14). The exocrine cell composition 

decreased in PPRF-p1 medium with and without insulin to 18.2% and 10.3%, 

respectively (p<0.0001) (see Figure V.15). The ductal cell composition in P P R F -

p1 medium with insulin slightly increased to 6.52% and in PPRF-p1 without 

insulin increased to 13.7% (p<0.05) (see Figure V.16). The compositions of the 

remaining population of cells in all cultures were unknown. 

Figures V.17 and V.18 show the change in insulin-positive and glucagon-positive 

cell density during the 9-day culture period, respectively. Results for the cells 

cultured in PPRF-p1 with insulin showed that after 9 days of culture, there were 

approximately 283% of the insulin-positive cells compared to that inoculated 

(413,000 cells from 146,000 cells, p<0.05) and 175% of the glucagon-positive 

cells compared to inoculation (163,000 cells from 93,000 cells, p<0.05). Results 

for cells cultured in PPRF-p1 without insulin showed a slight increase of 143% in 

the number of insulin-positive cells (209,000 cells from 146,000 cells) and 257% 

of the initial number of glucagon-positive cells (239,000 cells from 93,000 cells, 

p<0.05). 
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Effect of Insulin on Fraction of Cel ls Present as 
Aggregates at Days 0, 3, and 9 
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Figure V.13. Fraction of cells present as aggregates (grid counts) at culture 
days 0, 3, and 9 for K3/PN(1-3) porcine pancreatic cells cultured in insulin 
(0.0230 g/L) and insulin-free PPRF-p1 media in 125 mL suspension bioreactors 
operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . Cells 
passaged every other day for 9 days. 
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Effect of Insulin on Percent of Endocrine Cel ls 
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Figure V.14. Percent of endocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K3/PN(1-3) porcine 
pancreatic cells cultured in insulin (0.0230 g/L) and insulin-free PPRF-p1 media 
in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Statistical significance of difference calculated by unpaired t-test. ** p<0.005 
(PPRF-p1 Medium with and without insulin at Day 9 vs. freshly isolated). 
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Effect of Insulin on Percent of Exocrine Cel ls 
Present at Days 0, 3, and 9 
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Figure V.15. Percent of exocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K3/PN(1-3) porcine 
pancreatic cells cultured in insulin (0.0230 g/L) and insulin-free PPRF-p1 media 
in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(PPRF-p1 Medium with insulin at Day 9 vs. PPRF-p1 Medium without insulin at 
Day 9), *** p<0.0001 (PPRF-p1 Medium with and without insulin at Day 9 vs. 
freshly isolated). 
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Figure V.16. Percent of ductal (CK7) cells present at culture days 0, 3, and 9 in 
a total population (single cells + cells in aggregates) of K3/PN(1-3) porcine 
pancreatic cells cultured in insulin (0.0230 g/L) and insulin-free PPRF-p1 media 
in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(PPRF-p1 Medium with insulin at Day 9 vs. PPRF-p1 Medium without insulin at 
Day 9, and PPRF-p1 Medium without insulin at Day 9 vs. freshly isolated). 
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Effect of Insulin on Insulin-Positive Cell Density 
at Days 0, 3, and 9 
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Figure V.17. Insulin-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K3/PN(1-3) porcine pancreatic 
cells cultured in insulin (0.0230 g/L) and insulin-free PPRF-p1 media in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. Statistical significance 
of difference calculated by unpaired t-test. * p<0.05 (PPRF-p1 Medium with 
insulin at Day 9 vs. PPRF-p1 Medium without insulin at Day 9, and PPRF-p1 
Medium with insulin at Day 9 vs. freshly isolated). 
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Effect of Insulin on Glucagon-Posit ive Cel l 
Density at Days 0, 3, and 9 
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Figure V.18. Glucagon-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K3/PN(1-3) porcine pancreatic 
cells cultured in insulin (0.0230 g/L) and insulin-free PPRF-p1 media in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. Statistical significance 
of difference calculated by unpaired t-test. * p<0.05 (PPRF-p1 Medium with and 
without insulin at Day 9 vs. freshly isolated). 
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It was found that the number of somatostatin-positive cells increased similarly 

with and without insulin in the media (see Figure V.19). In PPRF-p1 with insulin, 

there was a 461% increase in the number of somatostatin-positive cells 

(approximately 247,000 cells from 53,000 cells, p<0.05) and a 439% increase in 

PPRF-p1 without insulin (approximately 235,000 cells from 53,000 cells, p<0.05). 

An increase was also observed in the number of pancreatic polypeptide-positive 

cells for PPRF-p1 with and without insulin (shown in Figure V.20). In PPRF-p1 

with insulin, there was a 504% increase (approximately 202,000 cells from 

40,000 cells, p<0.05) and in PPRF-p1 without insulin, there was a 597% increase 

(240,000 cells from 40,000 cells, p<0.05). 

Summary of Results and Discussion: Effect of Insulin in Medium 

Cells cultured in PPRF-p1 medium containing insulin were found to have almost 

double the number of insulin-positive cells than cells cultured in PPRF-p1 without 

insulin after 9 days of suspension culture (p<0.05). 

Clayton et al. (2001) have shown that insulin may have a positive effect on the 

ability of beta cells to secrete insulin. However, insulin may play another 

important role within the pancreas as well. Based on the results obtained in this 

experiment, it may be possible that insulin plays an autocrine role in the islet 

causing beta cell expansion. This may explain why cells cultured in PPRF-p1 

containing insulin had a higher number of insulin-positive cells at the end of the 

culture period. 

Therefore, further studies using PPRF-p1 containing insulin were performed. 

The next section will discuss the effect medium pH on cell growth and population 

composition. 
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Effect of Insulin on Somatostatin-Positive Cell 
Density at Days 0, 3, and 9 
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Figure V.19. Somatostatin-positive cell density at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K3/PN(1-3) porcine 
pancreatic cells cultured in insulin (0.0230 g/L) and insulin-free PPRF-p1 media 
in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(PPRF-p1 Medium with and without insulin at Day 9 vs. freshly isolated). 
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Effect of Insulin on Pancreatic Polypeptide-
Positive Cell Density at Days 0, 3, and 9 
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Figure V.20. Pancreatic Polypeptide-positive cell density at culture days 0, 3, 
and 9 in a total population (single cells + cells in aggregates) of K3/PN(1-3) 
porcine pancreatic cells cultured in insulin (0.0230 g/L) and insulin-free PPRF-p1 
media in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(PPRF-p1 Medium with and without insulin at Day 9 vs. freshly isolated). 
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V.3.3 Effect of Medium pH 

The next task was to investigate the effect medium pH had on cell growth and 

population composition. In our laboratory, it has been shown that factors such as 

pH can affect mammalian cell growth (Kallos and Behie, 1999). Therefore, once 

again, fresh porcine pancreatic tissue (aggregates and single cells) isolated 

using the procedure of Korbutt et al. (1996) from two porcine pancreases 

[K3/PN(1-3) and K4/PN(1-3)] was obtained from the SMRI at room temperature 

in 50 mL centrifuge tubes containing the Edmonton medium. 

Varying the ratio of sodium bicarbonate and H E P E S buffers in the medium varied 

the pH of PPRF-p1 . Three different pH levels at 37°C were tested, which 

included 6.8, 7.3, and 7.8. It was not possible to test a pH level over 7.8 as the 

addition of sodium bicarbonate to the medium to increase its pH further affected 

the osmolality of the medium. The osmolality of PPRF-p1 at a pH of 7.3 was 

approximately 320 mOsm/kgH 2 0 and it was important to maintain this osmolality 

while changing the pH in order to solely test the effect of pH. Furthermore, 

studies have shown that the optimal osmolality for most cell lines is 

approximately 300 mOsm/kgH 2 0 (Butler, 1996). 

Cells from K3/PN(1-3) were inoculated into two bioreactors containing PPRF-p1 

at a pH of 7.3 and cells from K4/PN(1-3) were inoculated into four bioreactors, 

two containing PPRF-p1 at a pH of 6.8 and two containing PPRF-p1 at a pH of 

7.8. Inoculation densities were approximately 130,000 cells/mL. After cell 

inoculation, suspension bioreactors were operated at 100 rpm in a 37°C 

incubator containing 5% C O 2 . Cells were passaged every other day for 9 days. 

It should be noted that Day 0 denotes the end of Day 0 and the beginning of Day 

1 (i.e. one day after cells were isolated), which is the beginning of the experiment 

(time of inoculation) and Days 3 and 9 denote the end of the third and ninth day, 

respectively, on all Figures. 
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Effect of Medium pH on Cell Density 

The grid cell count method showed a decrease in cell density in the media at all 

three pH levels during the 9 days of culture (shown in Figure V.21). The cell 

density in PPRF-p1 at a pH of 6.8, 7.3, and 7.8 decreased to approximately 

30,000 cells/mL, 60,000 cells/mL, and 80,000 cells/mL, respectively. This 

translated to a cell survival of 23.7%, 44.6%, and 63.4% for cells cultured in 

media at a pH of 6.8, 7.3, and 7.8, respectively. However, cell densities at a pH 

of 7.3 and 7.8 at Day 9 were not statistically significant to conclude that cell 

survival was higher in cultures at a pH of 7.8. Therefore, it was concluded that it 

was best to culture these cells in PPRF-p1 at a pH of 7.3 because this pH has 

been shown to be optimal for most mammalian cell lines (Butler, 1996). Lastly, 

medium pH did not change significantly, with a maximum drop of 0.05, from the 

time of inoculation to the time at which the cells were passaged. This was 

because lactate production was insignificant (less than the minimum detectable 

level of 2.22 mmol/L by the Nova Biomedical Bioprofile 100 Analyzer), as cell 

densities in the bioreactors were not increasing during the passage and the cells 

were passaged every 2 days. Furthermore, the medium was buffered with 

sodium bicarbonate and H E P E S . 

Effect of pH on Fraction of Cells Present as Aggregates 

The fraction of cells present as aggregates at isolation was approximately 0.46. 

At the end of the 9-day culture period, the fraction of cells in aggregates did not 

change significantly at a pH of 6.8 and 7.3. However, at a pH of 7.8, there was 

an increase to 0.68 (p<0.05). This is shown in Figure V.22. 

Effect of pH on Culture Composition 

The endocrine, exocrine, and ductal cell composition at Days 0, 3, and 9 can be 

seen in Figures V.23, V.24, and V.25, respectively. At Day 0, it was found 

through immunocytochemistry that the cell population consisted of approximately 

1.99% endocrine cells (insulin-, glucagon-, somatostatin-, and pancreatic 
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Effect of pH on Cell Density at Days 0, 3, and 9 
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Figure V.21. Cell density (grid counts) at culture days 0, 3, and 9 for K3/PN(1-3) 
and K4/PN(1-3) porcine pancreatic cells cultured at varying pH in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
PPRF-p1 medium with a pH of 7.3 inoculated with cells from K3/PN(1-3) and 
PPRF-p1 medium with a pH of 6.8 and 7.8 inoculated with cells from K4/PN(1-3). 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(PPRF-p1 Medium with pH = 6.8 at Day 9 vs. PPRF-p1 Medium with pH = 7.3 at 
Day 9, and PPRF-p1 Medium with pH = 6.8 at Day 9 vs. PPRF-p1 Medium with 
pH = 7.8 at Day 9). 
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Effect of pH on Fraction of Cel ls Present as 
Aggregates at Days 0, 3, and 9 
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Figure V.22. Fraction of cells present as aggregates (grid counts) at culture 
days 0, 3, and 9 for K3/PN(1-3) and K4/PN(1-3) porcine pancreatic cells cultured 
at varying pH in PPRF-p1 medium in 125 mL suspension bioreactors operated at 
100 rpm in an incubator maintained at 37°C and 5% C O 2 . Cells passaged every 
other day for 9 days. PPRF-p1 medium with a pH of 7.3 inoculated with cells 
from K3/PN(1-3) and PPRF-p1 medium with a pH of 6.8 and 7.8 inoculated with 
cells from K4/PN(1-3). Statistical significance of difference calculated by 
unpaired t-test. * p<0.05 (PPRF-p1 Medium with pH = 7.8 at Day 9 vs. freshly 
isolated). 
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Effect of pH on Percent of Endocrine Cells 
Present at Days 0, 3, and 9 
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Figure V.23. Percent of endocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K3/PN(1-3) and K4/PN(1-3) 
porcine pancreatic cells cultured at varying pH in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. PPRF-p1 medium with 
a pH of 7.3 inoculated with cells from K3/PN(1-3) and PPRF-p1 medium with a 
pH of 6.8 and 7.8 inoculated with cells from K4/PN(1-3). Statistical significance 
of difference calculated by unpaired t-test. * p<0.05 (PPRF-p1 Medium with pH = 
7.3 at Day 9 vs. PPRF-p1 Medium with pH = 6.8 and 7.8 at Day 9, and PPRF-p1 
Medium with pH = 6.8 and 7.3 at Day 9 vs. freshly isolated). 
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Effect of pH on Percent of Exocrine Cells 
Present at Days 0, 3, and 9 
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Figure V.24. Percent of exocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K3/PN(1-3) and K4/PN(1-3) 
porcine pancreatic cells cultured at varying pH in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. PPRF-p1 medium with 
a pH of 7.3 inoculated with cells from K3/PN(1-3) and PPRF-p1 medium with a 
pH of 6.8 and 7.8 inoculated with cells from K4/PN(1-3). Statistical significance 
of difference calculated by unpaired t-test. ** p<0.005 (PPRF-p1 Medium with pH 
= 6.8 at Day 9 vs. PPRF-p1 Medium with pH = 7.3 at Day 9), *** p<0.0001 
(PPRF-p1 Medium with pH = 6.8, 7.3, and 7.8 at Day 9 vs. freshly isolated). 



148 

13 
O 

£ 15 CD 
O 
ZJ 
Q 

c 
Cu 
Ü 
i _ 
Cu 

CL 

Effect of pH on Percent of Ductal Cells Present 
at Days 0, 3, and 9 

25 

20 

±¡ 10 

0 

0 3 9 
Time (days) 

• PPRF-p1 Medium with pH = = 6.8 
HPPRF-p1 Medium with pH = = 7.3 
• PPRF-p1 Medium with pH = = 7.8 

Figure V.25. Percent of ductal (CK7) cells present at culture days 0, 3, and 9 in 
a total population (single cells + cells in aggregates) of K3/PN(1-3) and K4/PN(1-
3) porcine pancreatic cells cultured at varying pH in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. PPRF-p1 medium with 
a pH of 7.3 inoculated with cells from K3/PN(1-3) and PPRF-p1 medium with a 
pH of 6.8 and 7.8 inoculated with cells from K4/PN(1-3). 
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polypeptide-positive), 91.0% exocrine cells (amylase-positive), and 4.94% ductal 

cells (CK7-positive). A 9-day culture period showed that the endocrine cell 

composition increased to 11.8% and 17.1% in PPRF-p1 at a pH of 6.8 and 7.3, 

respectively (p<0.05). However, the endocrine cell composition in PPRF-p1 at a 

pH of 7.8 did not change significantly. The exocrine cell composition decreased 

in PPRF-p1 media at a pH of 6.8, 7.3, and 7.8 to 5.08%, 18.2%, and 9.66%, 

respectively (p<0.0001). The ductal cell composition PPRF-p1 medium at a pH 

of 7.3 increased to 6.52%, whereas in PPRF-p1 media at a pH of 6.8 and 7.8 it 

decreased to 2.50% and 3.81%, respectively. However, changes in the ductal 

cell composition were not significant. The compositions of the remaining 

population of cells in all cultures were unknown. 

Figure V.26 illustrates the change in the insulin-positive cell density during the 

culture period. Cells cultured in PPRF-p1 at a pH of 7.3 showed a 283% 

increase in the number of insulin-positive cells (approximately 413,000 cells from 

146,000 cells, p<0.05). Cells cultured in PPRF-p1 at a pH of 6.8 had 90.1% of 

the insulin-positive cells survive after the 9-day culture period (approximately 

125,000 cells from 140,000 cells). However, this change in the number of 

insulin-positive cells from beginning to end of culture was not significant. A 

decrease in insulin-positive cells was found in cells cultured in PPRF-p1 medium 

at a pH of 7.8. It was found that 57.8% of the insulin-positive cells survived at 

this pH (approximately 80,000 cells from 140,000 cells). 

The change in glucagon-positive cell density is shown in Figure V.27. The 

number of glucagon-positive cells in PPRF-p1 medium at a pH of 7.3 showed a 

175% increase (approximately 163,000 cells from 93,000 cells, p<0.05). 

However, 76.9% (approximately 68,000 cells from 90,000 cells) and 81.3% 

(approximately 72,000 cells from 90,000 cells) of the glucagon-positive cells 

survived in culture at a pH of 6.8 and 7.8, respectively. This change, however, in 

the number of glucagon-positive cells at a pH of 6.8 and 7.8 was not significant. 
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Effect of pH on Insulin-Positive Cell Density at 
Days 0, 3, and 9 
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Figure V.26. Insulin-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K3/PN(1-3) and K4/PN(1-3) 
porcine pancreatic cells cultured at varying pH in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. PPRF-p1 medium with 
a pH of 7.3 inoculated with cells from K3/PN(1-3) and PPRF-p1 medium with a 
pH of 6.8 and 7.8 inoculated with cells from K4/PN(1-3). Statistical significance 
of difference calculated by unpaired t-test. * p<0.05 (PPRF-p1 Medium with pH = 
7.3 at Day 9 vs. freshly isolated), ** p<0.005 (PPRF-p1 Medium with pH = 7.3 at 
Day 9 vs. PPRF-p1 Medium with pH = 6.8 and 7.8 at Day 9). 
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Effect of pH on Glucagon-Positive Cell Density at 
Days 0, 3, and 9 
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Figure V.27. Glucagon-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K3/PN(1-3) and K4/PN(1-3) 
porcine pancreatic cells cultured at varying pH in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. PPRF-p1 medium with 
a pH of 7.3 inoculated with cells from K3/PN(1-3) and PPRF-p1 medium with a 
pH of 6.8 and 7.8 inoculated with cells from K4/PN(1-3). Statistical significance 
of difference calculated by unpaired t-test. * p<0.05 (PPRF-p1 Medium with pH = 
7.3 at Day 9 vs. freshly isolated), ** p<0.005 (PPRF-p1 Medium with pH = 7.3 at 
Day 9 vs. PPRF-p1 Medium with pH = 6.8 and 7.8 at Day 9). 
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Increases of 257% (approximately 131,000 cells from 51,000 cells, p<0.05), 

461% (approximately 247,000 cells from 53,000 cells, p<0.05), and 266% 

(approximately 136,000 cells from 51,000 cells, p<0.05) in the number of 

somatostatin-positive cells was observed in cells cultured at a pH of 6.8, 7.3, and 

7.8, respectively. Figure V.28 illustrates the change in somatostatin-positive cell 

density at Days 0, 3, and 9. Lastly, increases of 504% (approximately 202,000 

cells from 40,000 cells, p<0.05) and 251% (approximately 96,000 cells from 

38,000 cells, p<0.05) of pancreatic polypeptide-positive cells was observed for 

cells cultured at a pH of 7.3 and 7.8, respectively. However, 86.4% 

(approximately 33,000 cells from 38,000 cells) of the pancreatic polypeptide-

positive cells cultured at a pH of 6.8 survived after the 9-day culture period (this 

change over 9 days was not significant). The change in pancreatic polypeptide-

positive cell density at Days 0, 3, and 9 of culture is shown in Figure V.29. 

Summary of Results and Discussion: Effect of Medium pH 

Cells cultured in PPRF-p1 medium at a pH of 7.3 were found to have the highest 

percentage of endocrine cells (almost 1.5 times more than cells cultured at a pH 

of 6.8 and more than 9 times for cells cultured at a pH of 7.8, p<0.05). 

Furthermore, PPRF-p1 at a pH of 7.3 yielded greater than 3 times the insulin-

positive cells (p<0.005), greater than 2 times the glucagon- and pancreatic-

polypeptide positive cells (p<0.005), and almost 2 times the somatostatin-positive 

cells (p<0.05) when compared to PPRF-p1 at a pH of 6.8 and 7.8 after 9 days of 

suspension culture. These results indicate that islets in vivo likely do not 

experience a pH below or above that of blood, which is between 7.35 - 7.45 

(Martini, 2001). Therefore, the five times denser vascularization within islets than 

exocrine tissue (Konstantinova and Lammert, 2004) suggests that 

vascularization may play a significant role in maintaining islet pH. Based on 

results obtained in this section, PPRF-p1 at a pH of 7.3 was concluded to be 

more conducive for culture of these cells when compared to PPRF-p1 at a pH of 

6.8 and 7.8. 
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Effect of pH on Somatostatin-Positive Cell 
Density at Days 0, 3, and 9 
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Figure V.28. Somatostatin-positive cell density at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K3/PN(1-3) and K4/PN(1-3) 
porcine pancreatic cells cultured at varying pH in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. PPRF-p1 medium with 
a pH of 7.3 inoculated with cells from K3/PN(1-3) and PPRF-p1 medium with a 
pH of 6.8 and 7.8 inoculated with cells from K4/PN(1-3). Statistical significance 
of difference calculated by unpaired t-test. * p<0.05 (PPRF-p1 Medium with pH = 
7.3 at Day 9 vs. PPRF-p1 Medium with pH = 6.8 and 7.8 at Day 9, and PPRF-p1 
Medium with pH = 6.8, 7.3, and 7.8 at Day 9 vs. freshly isolated). 
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Effect of pH on Pancreatic Polypeptide-Positive 
Cell Density at Days 0, 3, and 9 

3500 

3000 

E 2500 

8 2000 
•4—» 

CO 
C 
(D 

Q 

1500 

=E 1000 
O 

500 

Time (days) 

• PPRF-p1 Medium with pH = 6.8 

• PPRF-p1 Medium with pH = 7.3 

• PPRF-p1 Medium with pH = 7.8 

Figure V.29. Pancreatic Polypeptide-positive cell density at culture days 0, 3, 
and 9 in a total population (single cells + cells in aggregates) of K3/PN(1-3) and 
K4/PN(1-3) porcine pancreatic cells cultured at varying pH in PPRF-p1 medium 
in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
PPRF-p1 medium with a pH of 7.3 inoculated with cells from K3/PN(1-3) and 
PPRF-p1 medium with a pH of 6.8 and 7.8 inoculated with cells from K4/PN(1-3). 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(PPRF-p1 Medium with pH = 7.3 and 7.8 at Day 9 vs. freshly isolated), ** 
p<0.005 (PPRF-p1 Medium with pH = 7.3 at Day 9 vs. PPRF-p1 Medium with pH 
= 6.8 and 7.8 at Day 9). 
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V.3.4 Nutrient and Metabolite Kinetics 

For all experiments performed, glucose, lactate, glutamine, and ammonia 

concentrations were tracked from the beginning to the end of the passage using 

a Nova Biomedical Bioprofile 100 Analyzer. Glucose metabolism results in the 

production of lactate, and glutamine metabolism results in the production of 

ammonia (Forestell et al., 1992). Results shown in this section were typical for 

all pancreatic cell lines used in this thesis. 

Figures V.30 and V.31 show nutrient and metabolite concentrations for cells 

cultured in PPRF-p1 with insulin at a pH of 7.3. These plots show the 

concentrations from the time upon which fresh neonatal porcine pancreatic cells 

were received (P1) to the time point at which these cells were passaged (P2), 

which had a duration of 48 hours. The cells were inoculated at a density of 

approximately 130,000 cells/mL. These culture conditions were selected for this 

study as PPRF-p1 at these conditions was determined to be optimal. 

Furthermore, the first 48 hours of culture were chosen as the cell density is at its 

maximum at this point, and if depletion of any nutrients were to occur, it would 

occur during this time period. Lastly, nutrient and product profiles were studied 

for 48 hours as cells were passaged every other day and inoculated with fresh 

media, therefore any nutrient depletion would occur by the end of the 48-hour 

period. Nutrient and metabolite kinetics were tracked beyond the first 2 days of 

culture and results were similar to those presented here for the first 2 days. 

As shown in Figure V.30, there was no significant glucose depletion during the 

48-hour culture period. Results also showed that these cells did not produce 

enough lactate to be detected by the Nova Biomedical Bioprofile 100 Analyzer 

(minimum detectable level is 2.22 mmol/L). Figure V.31 illustrates the glutamine 

and ammonia profiles during the 48 hours. The concentration of glutamine 

decreased from 2.54 mmol/L to 1.81 mmol/L and the concentration of ammonia 
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Glucose Profile for Ce l ls Cultured in 
P P R F - p 1 Medium 
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Figure V.30. Change in glucose concentration for neonatal porcine pancreatic 
cells inoculated at 130,000 cells/mL in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
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Figure V.31. Changes in glutamine and ammonia concentrations for neonatal 
porcine pancreatic cells inoculated at 130,000 cells/mL in PPRF-p1 medium in 
125 mL suspension bioreactors operated at 100 rpm in an incubator maintained 
at 37°C and 5% C O 2 . 
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reached a maximum of 0.68 mmol/L. This concentration of ammonia is not 

believed to be detrimental to cell growth, as Jung et al. (2004) have shown 

mouse L-929 cell growth to be inhibited at concentrations of 6.0 mmol/L, which is 

a much higher ammonia concentration. 

Concentrations of amino acids (alanine, arginine, asparagine, aspartate, 

cysteine, glycine, histidine, isoleucine, methionine, phenylalanine, proline, serine, 

threonine, tryptophan, and valine) were also tracked during the first 48 hours of 

culture (shown in Figures V.32 and V.33). Concentrations were determined 

using a reverse-phase high performance liquid chromatography (HPLC) column 

(Agilent Technologies). There are a total of 20 amino acids, of which 10 are non

essential amino acids, which can be made by the body, and 10 are essential 

amino acids, which must come from the diet. The essential amino acids include 

arginine, histidine, isoleucine, leucine, lysine, methionine, phyenlalanine, 

threonine, tryptophan, and valine. Non-essential amino acids include alanine, 

asparagine, aspartate, cysteine, glutamate, glutamine, glycine, proline, serine, 

and tyrosine. However, arginine and histidine can be synthesized in small 

amounts by the body (Martini, 2001 ; Voet and Voet, 1995). 

The only amino acid that became depleted at the end of the 48 hours was 

isoleucine, which is an essential amino acid and needs to be supplied to the cells 

through the medium. Isoleucine is needed in the human body to stabilize blood 

glucose levels. In fact, a deficiency in isoleucine can lead to symptoms of 

hypoglycemia, as isoleucine has been shown to cause depolarization of the beta 

cell membrane in rat islets in the presence of 5 mmol/L of glucose, which leads to 

the release of insulin from the beta cells (Pace et al., 1975). Furthermore, insulin 

promotes the uptake of isoleucine by muscle cells (Berg et al., 2002). It may be 

possible that since glucose and insulin are present in the cell culture medium, 

cells are taking up isoleucine, thus leading to its depletion. 
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Amino Ac id Profi les for Ce l ls Cultured in 
P P R F - p 1 Medium (Plot 1 of 2) 
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Figure V.32. Changes in amino acid concentrations for neonatal porcine 
pancreatic cells inoculated at 130,000 cells/mL in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . 



160 

Amino Ac id Profi les for Cel ls Cultured in 
P P R F - p 1 Med ium (Plot 2 of 2) 
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Figure V.33. Changes in amino acid concentrations for neonatal porcine 
pancreatic cells inoculated at 130,000 cells/mL in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . 
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The concentrations of arginine, asparagine, and aspartate increased during the 

48 hours. This may be because these can be synthesized by mammalian cells 

by simple pathways leading from metabolic intermediates. Arginine is formed by 

the reduction of glutamate and subsequent transamination to ornithine. The 

metabolism of ornithine produces arginine via the urea cycle (Voet and Voet, 

1995). Arginine is known to cause beta cells in the pancreas to secrete insulin 

(Flatt, 2003; Persaud and Howell, 2003). However, the effect of this increase in 

arginine concentration on the remaining cell population is unknown. 

Asparagine is a derivative of aspartate and is important in the metabolism of toxic 

ammonia in the body. It is formed by the transfer of an amide group from 

glutamine to aspartate (Voet and Voet, 1995). 

Lastly, the concentration of aspartate has been shown to change during the 

mammalian cell cycle and is regulated by the cell density of the culture. 

Mammalian cells have been shown to regulate aspartate homeostasis and 

function in the body as a type of messenger (Homma, 2002). Aspartate is 

formed by the transamination of oxaloacetate, which is an intermediate product in 

the T C A cycle (Voet and Voet, 1995). However, the exact effects these three 

amino acids have on these particular pancreatic cells in culture would have to be 

investigated. The remaining amino acids that were tracked during the 48 hours 

remained at high concentrations and were not depleted. 

Oxygen Kinetics 

It was not possible to test the effects of oxygen in this study due to time 

constraints. The incubators were operated with 5% C O 2 and 95% air (21% 

oxygen in air), therefore the cells were exposed to 20% oxygen, which is 

standard for most mammalian cell lines. It was assumed that this would be 

adequate for these particular cells, even though islets are highly vascularized 

(Logdberg er a/., 2003) and beta cells have been reported to have a high oxygen 
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consumption rate (Efrat, 2002). Moreover, anaerobic respiration, which is a 

process by which cells metabolize glucose in the absence of oxygen, results in 

the production of lactate (Martini, 2001). However, since lactate was not 

detected in any cultures, it is likely the cells were receiving enough oxygen for 

aerobic metabolic activities. Furthermore, the specific oxygen consumption rate 

of mammalian islets is reported as 2.59 x 10"2 mmol 0 2 / L *s (Fournier, 1999). 

Therefore, assuming the pancreatic aggregates in this study behave similarly to 

islets, the oxygen consumption rate per cell would be approximately 1.08 x 10" 1 6  

mol 0 2 /cel l*s using a tissue packing density of 0.24 x 10 9 cells/mL (determined 

for pancreatic aggregates used in this study in Section VI.3.1). However, using a 

general tissue packing density for mammalian tissue aggregates of about 2 x 10 9 

cells/mL (Enderle et al., 2000), the oxygen consumption rate is approximately 

1.30 x 10" 1 7 mol 0 2 /cel l*s. These oxygen consumption rates lie below or within 

the range for mammalian cells, which is 1.39 x 10" 1 7 mol 0 2 /cel l*s to 2.78 x 10" 1 6  

mol 0 2 /cel l*s (Kallos and Behie, 1999). 

Furthermore, if the oxygen transfer rate, OTR, in the medium was greater than or 

equal to the oxygen uptake rate, OUR, by the cells, then oxygen would not have 

limited cell growth. The OTR was calculated using a material balance shown in 

Equation V.1. 

Input + Generation = Output + Accumulation 

kLa(C*-Cb)-qO2X = 0 + ^f- (V. 1 ) 
at 

where k L a = mass transfer coefficient (1/s) 

C* = equilibrium dissolved oxygen concentration (mol 0 2 /L ) 

Cb = oxygen concentration in the bulk liquid (mol 0 2 /L ) 

qo2 = specific oxygen consumption rate (mol 0 2 /cell*s) 

X = cell density (cells/L) 
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dÇ_o2 = change in oxygen concentration over time (mol 0 2 /L*s) 

dt 

If OTR is equal to OUR, then Equation V.1 becomes the following: 

kLa(C*-Cb) = q02X (V.2) 

C* was calculated using Henry's Law (p 0 2 = Hx*), where the partial pressure of 

oxygen, p 0 2 , is 0.21 atm, and H is 5.182 x 10 4 atm, which is the Henry's law 

constant (Perry and Green, 1997). Henry's Law was used to calculate x*, the 

mole fraction of oxygen, which was then used to calculate C* = x*C, where C is 

the molality of the medium (assumed to be the same as water at 55.55 mol/L). 

Therefore, C* was found to be 2.25 x 10"4 mol/L. 

The value of k L a was determined using the Sherwood Number (Sh), which is a 

dimensionless number. This number is defined in Equation V.3. Equation V.4 

shows a correlation describing the Sherwood Number for small-scale bioreactors 

with surface aeration (Aunins ef a/., 1989), which includes the dimensionless 

Reynolds Number (Re) shown in Equation V.5 (Shuler and Kargi, 2002). 

Sh = 
kLD 

(V.3) 

Sh = 1.08 Re 0.78 (V.4) 

where kL 

D 

D 0 2 

= mass transfer coefficient (m/s) 

= vessel diameter (m) = 0.070 m 

= effective diffusivity of oxygen in the medium (m2/s) 
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= 2.76 X 10"5 cm 2 /s (assumed to be the same as water at 

37°C) = 2.76 X 10' 9 m 2/s (Kallos, 1999) 

R = = ^ > (V.5) 

where N = agitation rate (revolutions/s) = 100 rpm = 1.67 rps 

D i = impeller diameter (m) = 0.055 m 

P = density of medium (kg/m3) = 1000 kg/m 3 (assumed to be 

the same as water at 37°C) 

\x = viscosity of medium (kg/ms) = 6.915 x 10 - 4 kg/m*s 

(assumed to be the same as water at 37°C) 

The interfacial mass transfer area, 'a ' , of the medium through which the oxygen 

can diffuse through is equal to the surface area for mass transfer divided by the 

volume of the medium. Therefore, upon simplification a = 1/h, where 'h' is the 

height of the liquid in the vessel (0.030 m). By substituting Equation V.5 into V.4, 

then equating Equation V.4 to Equation V.3 and multiplying both sides by 'a', the 

value of k La was determined. 

The OTR was calculated to be 3.30 x 10 - 7 mol 0 2 / L *s , which is greater than the 

OUR of the cells at a relatively high cell density of 130,000 cells/ml_ of 1.40 x 10 - 8  

mol 0 2 / L *s . Moreover, the oxygen consumption rate used here assumed all cell 

types to consume at this higher than normal uptake rate, not just the islets. 

Therefore, based on this calculation, oxygen is not limiting cell growth. However, 

it is recommended that a study on the effects of oxygen on these cells be carried 

out to determine the optimal oxygen level in the air required by these cells. This 

will also give an indication of the role that vascularization plays in oxygen delivery 

and islet survival in vivo. If oxygen does play a major role in cell survival, then a 

maximum aggregate diameter for which oxygen can diffuse to the center of the 
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aggregate in suspension culture will have to be determined. Implications this 

would have is that aggregates produced in suspension culture will have to be 

small and the shear force within the bioreactor will have to be used to control 

aggregate size. 

V.4 CONCLUSIONS 

This chapter dealt with the study of cell culture medium conditions favorable to 

endocrine cell growth. PPRF-p1 medium was deemed to sustain cell growth 

more effectively that the Edmonton medium, both in terms of total cell population 

and endocrine cell population. Therefore, further studies were carried out using 

PPRF-p1 . 

The first test in optimizing medium conditions involved testing the effect of insulin 

in PPRF-p1 on cell growth and cell population composition. It was found that 

insulin did not affect the total population cell density. However, insulin did have 

an effect on the cell composition. Results showed that cells cultured in PPRF-p1 

containing insulin contained almost double the insulin-positive cells cultured in 

PPRF-p1 without insulin. Based on these results, PPRF-p1 containing insulin 

was further tested. 

The second test in optimizing medium conditions involved testing the effect of 

PPRF-p1 pH on cell growth and composition. Three different pH levels were 

tested: 6.8, 7.3, and 7.8. Data from this experiment showed that PPRF-p1 at a 

pH of 7.3 was capable of increasing the number of all of the endocrine cell types 

throughout the 9-day culture period, as compared to PPRF-p1 at a pH of 6.8 and 

7.8. Therefore, PPRF-p1 at a pH of 7.3 was determined to be the optimal pH 

based on the pH levels tested. 

Furthermore, nutrient kinetics did not show any depletion in nutrients with the 

exception of isoleucine, which was depleted within the first 48 hours of culture in 
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PPRF-p1 . It is recommended that the effects of isoleucine on these cells be 

tested. 

Based on the results obtained from the three experiments carried out in this 

chapter, it was concluded that PPRF-p1 containing insulin at a pH of 7.3 was 

optimal in culturing neonatal porcine pancreatic cells in suspension culture for 9 

days. 



167 

CHAPTER VI 

DETERMINATION OF CELL HANDLING PROTOCOLS FOR 
PORCINE PANCREATIC CELLS IN SUSPENSION CULTURE 

VI.1 OVERVIEW 

The previous chapter dealt with the effects of cell culture medium conditions, 

such as type of medium, insulin, and medium pH, on cell growth. This chapter 

will cover the effects of cell handling conditions. These include testing the effect 

of aggregate dissociation between passages and cell inoculation density on cell 

growth and population composition during a 9-day culture period. Furthermore, 

the effect of long-term culture will also be covered. All experiments were carried 

out in suspension culture. It was determined that neonatal porcine pancreatic 

cultures should not be dissociated between passages, since bioreactors in which 

cells were cultured as aggregates had almost 3 times greater cell densities 

(approximately 70,000 cells/mL) when compared to cell densities in bioreactors 

in which enzymatic and chemical aggregate dissociation were employed 

(approximately 24,000 cells/mL). Furthermore, culturing the cells as aggregates 

resulted in approximately 16.1% endocrine cells, which was more than double 

the cultures undergoing aggregate dissociation between passages, which were 

at approximately 6.7% after 9 days of culture. Lastly, cells cultured as 

aggregates showed increases in the number of all endocrine cell types. 

The effect of cell inoculation density was also tested. It was found that culturing 

the cells at a high-level cell inoculation density of approximately 127,000 cells/mL 

resulted in greater than double the endocrine cell composition than cells cultured 
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at approximately 6,300 cells/ml_ and 50,000 cel ls/mL Furthermore, an over 

700% increase in the number of insulin-positive cells was observed for cells 

inoculated at a high-level cell density during the 9-day culture period. 

Lastly, the effects of long-term culture on these cells were investigated. The cells 

could not be cultured for more than 60 days in suspension bioreactors due to 

time constraints. Moreover, the cell density decreased throughout the 60 days 

and cultures did not appear to be healthy by the end of the culture period, as 

aggregates appeared to be disintegrating. Therefore, it is likely that useful 

results would not have been obtained beyond a 60-day culture period. Total, 

aggregate, and single cell populations were also characterized at Days 0, 9, 30, 

and 60. Aggregate populations showed a higher endocrine cell composition 

(11.0%) at Day 9 when compared to the single cell endocrine composition 

(6.61%). Lastly, long-term culture resulted in an increase in the mesenchymal 

cell population, which were believed to have arisen from the small population of 

endothelial cells (from the blood vessels within the pancreas), in the isolation. 

VI.2 INTRODUCTION 

Aggregate dissociation has significant consequences in cell culture growth. In 

our laboratory, neural stem cells are inoculated into bioreactors as single cells 

and are able to grow and form into aggregates, called neurospheres, throughout 

the culture period (Kallos, 1999). It has been found that inoculating 

neurospheres, especially large ones, as opposed to single cells, results in the 

formation of large aggregates leading to necrotic centers due to mass transfer 

limitations to the center of the aggregate and therefore lower cell viabilities 

(Kallos, 1999). Therefore, the effect of dissociation on pancreatic aggregates in 

culture was necessary to examine. Furthermore, since islet cells exist as 

aggregates (islets) in vivo, it may be possible that pancreatic cells need to exist 

as aggregates in vitro in order to receive the appropriate factors required for 

survival and possibly growth. Therefore, it is important to determine whether 
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these cells have enhanced survival in culture as single cells or aggregates. 

Another factor that must be assessed in aggregate dissociation is the method by 

which dissociation is achieved. There are three main methods by which 

aggregates may be dissociated. These are mechanical, enzymatic, and 

chemical. 

Mechanical dissociation involves the use of trituration, which is a process that 

uses liquid shear forces to physically break aggregates apart into single cells. 

This is achieved by gently drawing and expelling the cell pellet in a centrifuge 

tube with a p200 Pipetman and a 200 j^L pipet tip held close to the bottom of the 

tube. This repetitive process can result in a single cell suspension for some cell 

lines, such as murine neural stem cells (Sen, 2003). 

Enzymatic dissociation involves the use of enzymes, such as trypsin or DNAse I, 

which specifically degrade one or more components of the extracellular matrix 

(ECM), therefore, causing aggregates to dissociate into a single cell population. 

E C M is a network of materials outside of the cells that play a regulatory role in 

the development, growth, shape, and function of cells, within the tissue (Karp, 

2002). Trypsin catalyzes the hydrolysis of specific proteins into smaller 

polypeptide units (Martini, 2001). In the case of aggregates, trypsin degrades 

specific proteins making up the E C M , thus releasing single cells. However, 

DNAse I nonspecifically cleaves DNA (Ambion, 2004). Therefore, DNAse I is 

used to release cells sticking to DNA strands, released from dead cells within the 

culture, as opposed to cells sticking to each other in aggregates. 

The third method of aggregate dissociation is chemical. This involves increasing 

the environmental pH, which results in a change in the charge distribution on the 

E C M molecules, thus causing aggregates to dissociate into single cells (Sen et 

al., 2004). 
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In order to test the effect of chemical dissociation on neonatal porcine pancreatic 

aggregates, a chemical dissociation method had to be optimized based on 

protocols established for the neural stem cell system in our laboratory. Chemical 

dissociation is favored over mechanical and enzymatic dissociation for neural 

aggregates as this protocol is efficient, cost effective, and not manually intensive. 

However, the existing chemical dissociation protocol was not effective for 

pancreatic aggregates and needed modification. The enzymatic dissociation 

protocol used in this chapter is a widely established protocol for islets, which was 

obtained from the SMRI in Edmonton. Lastly, it was found that mechanical 

dissociation was not successful in dissociating pancreatic aggregates and was 

therefore not further investigated. Furthermore, studies by Kohnert and Hehmke 

(1986) showed enzymatic dissociation to be more effective than mechanical 

dissociation. 

Cell inoculation density is another factor that has a great influence in the ability of 

cells to survive and proliferate. Kallos and Behie (1999) found that higher 

inoculation densities of mammalian neural stem cells resulted in a higher final 

cell density; however, lower inoculation densities resulted in a higher expansion 

factor. Therefore, it was important to test the effects cell inoculation density had 

on neonatal porcine pancreatic cell growth and composition as different cell lines 

have different optimal inoculation densities. 

Thus far, results have shown the effect short-term in vitro culture can have on 

cell density and culture composition. The change in culture composition was 

shown to be drastic within the first 9 days of culture. Therefore, it is important to 

test the effects of long-term in vitro culture to determine whether a 9-day culture 

period is in fact optimal and to observe whether further changes in cell cultures 

occur beyond those 9 days. The long-term culture of neonatal porcine pancreatic 

cells will also be examined in this chapter. 
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VI.3 EXPERIMENTAL RESULTS AND DISCUSSION 

VI.3.1 Effect of Aggregate Dissociation 

The effect of two types of different aggregate dissociation methods, enzymatic 

and chemical, were tested against no dissociation between passages. In this 

experiment, fresh porcine pancreatic tissue (aggregates and single cells) isolated 

using the procedure of Korbutt et al. (1996) from two porcine pancreases 

[K5/PN(1-3) and K6/PN(1-3)] were obtained from the SMRI at room temperature 

in 50 mL centrifuge tubes containing the Edmonton medium. 

Cells were inoculated into six 125 mL suspension bioreactors all containing 

PPRF-p1 , two were inoculated without any dissociation of the aggregates from 

K5/PN(1-3), two were inoculated using enzymatic aggregate dissociation from 

K6/PN(1-3), and two were inoculated using chemical aggregate dissociation from 

K6/PN(1-3). The resulting inoculation density was approximately 175,000 

cells/mL. Once the cells were inoculated, suspension bioreactors were operated 

at 100 rpm in a 37°C incubator containing 5% C O 2 . Cells were passaged every 

other day for 9 days. Cells from the first two bioreactors were enzymatically 

dissociated using trypsin and DNAse I (detailed in Section IV.6.12) before re-

inoculating into fresh medium, cells from the third and fourth bioreactors were 

chemically dissociated before re-inoculating, and cells from the fifth and sixth 

bioreactors were not dissociated at all, which has been the standard method of 

passaging in all experiments carried out in this thesis. It should be noted that 

Day 0 denotes the end of Day 0 and the beginning of Day 1 (i.e. one day after 

cells were isolated), which is the beginning of the experiment (time of inoculation) 

and Days 3 and 9 denote the end of the third and ninth day, respectively, on all 

Figures. 
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Optimization of Chemical Aggregate Dissociation Protocol 

In order to carry out chemical aggregate dissociation, it was first necessary to 

optimize the protocol. A chemical dissociation protocol has already been 

developed in our laboratory for neurospheres (Sen et al., 2004). This protocol 

involves exposing the cells to a basic pH of 10 for 7 minutes in addition to 

aspirating the cells 5 times after 2 and 5 minutes. This is followed by adding an 

acid after 7 minutes and aspirating the solution 5 times to neutralize the pH to 

7.5. However, upon applying this protocol to porcine pancreatic aggregates, 

complete dissociation of aggregates was not achieved. Various pH levels, 

ranging from very acidic to very basic, as well as exposure times were tested in 

order to optimize a chemical dissociation protocol for porcine pancreatic 

aggregates. It was determined that aggregates needed to be exposed to a pH of 

approximately 11.1 in order to achieve a single cell suspension. Furthermore, 

the cells needed to be aspirated 10 times every minute for 7 minutes. Following 

this protocol (detailed in Section IV.6.13) resulted in a single cell suspension. 

Photomicrographs of the cells before and after chemical aggregate dissociation 

are shown in Figure VI. 1 and Figure VI.2, respectively. Enzymatic aggregate 

dissociation using trypsin and DNAse I (detailed in Section IV.6.12) was found 

not to result in a homogenous single cell suspension as shown in Figure VI.3. 

Determination of Pancreatic Aggregate Tissue Packing Density 

Determination of the average tissue packing density, P d l within neonatal porcine 

pancreatic aggregates was essential for employing the Grid Cell Count Method, 

as described in Section IV.6.1. The tissue packing density is calculated as the 

total number of cells (viable and non-viable) per unit aggregate volume (Sen et 

al., 2001). Approximately 40 aggregates were obtained from each bioreactor (n 

= 4) and sized as per the Grid Cell Count Method. These aggregates were then 

transferred to a 15 mL centrifuge tube and dissociated chemically. The total 

population of cells was then transferred into a 96-well plate to obtain a single cell 

count as per the Grid Cell Count Method. The total number of cells obtained 
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Figure VI.1. Photomicrographs of freshly isolated (Day 0) neonatal porcine 
pancreatic tissue aggregates before aggregate dissociation (a) 5x magnification, 
(b) 10x magnification. 
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Figure VI.2. Photomicrographs of freshly isolated (Day 0) neonatal porcine 
pancreatic tissue after chemical aggregate dissociation (a) 5x magnification, (b) 
10x magnification. 
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Figure VI.3. Photomicrographs of freshly isolated (Day 0) neonatal porcine 
pancreatic tissue after enzymatic aggregate dissociation (a) 5x magnification, (b) 
10x magnification. 
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after dissociation was then divided by the total volume of aggregates determined 

before dissociation. The P d of neonatal porcine pancreatic aggregates was 

determined to be 0.24 + 0.017 x 10 9 cells/mL. This is relatively low when 

compared to the tissue packing density in mammalian tissue, which is 1 - 3 x 10 9 

cells/mL of aggregate. However, tissues generally operate at one-third to one-

half of the tissue packing density at approximately 0.1 - 0.5 x 10 9 cells/mL 

(Enderle et al., 2000). The P d of the porcine pancreatic aggregates is within this 

range. The lower tissue packing operating range may be due to the existence of 

E C M required by the cells. 

Validation of the Grid Cell Count Method 

For bioreactors in which dissociation was used between passages, 

hemocytometer cell counts were obtained following aggregate dissociation in 

addition to Grid cell counts. Seven trials were carried out in order to compare the 

results obtained from hemocytometer cell counts versus Grid cell counts. This is 

shown in Figure VI.4. Since average cell counts obtained from both techniques 

were within the standard deviation of each other, the Grid Cell Count Method was 

deemed reliable. Further validation of this method can be found later in this 

chapter (Section VI.3.2). 

Effect of Aggregate Dissociation on Cell Density 

Figure VI.5 is a plot of the cell density at Day 0, 3, and 9. Results showed that 

dissociating aggregates between passages accelerated cell death. Cell survival 

in bioreactors in which enzymatic and chemical dissociation were employed was 

only about 12.8%. Cell densities decreased from approximately 180,000 

cells/mL to 24,000 cells/mL during the 9-day culture period, as determined by the 

Grid Cell Count Method. Furthermore, viabilities with the use of chemical 

dissociation decreased from about 73% on Day 0 to 61% on Day 9. On the other 

hand, viabilities with the use of enzymatic dissociation stayed constant at 

approximately 90%. Viabilities were determined through standard cell counts 
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Figure VI.4. Comparison of cell densities obtained using the standard 
Hemocytometer Cell Count Method and the Grid Cell Count Method for K6/PN(1-
3) porcine pancreatic cells. 
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Effect ofAggregate Dissociation on Cell Density 
at Days 0, 3, and 9 

25 i  
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• Enzymatic Dissociation 
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• No Dissociation 

Figure VI.5. Cell density (grid counts) at culture days 0, 3, and 9 for K5/PN(1-3) 
and K6/PN(1-3) porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 using enzymatic, chemical, and no dissociation between passages. 
Cells passaged every other day for 9 days. Cultures undergoing no dissociation 
inoculated from K5/PN(1-3) and cultures undergoing enzymatic and chemical 
aggregate dissociation inoculated with cells from K6/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (No Dissociation 
at Day 9 vs. Enzymatic and Chemical Dissociation at Day 9). 
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using the hemocytometer and trypan blue staining of non-viable cells (protocol 

detailed in Section IV.6.1). However, cell densities in bioreactors that did not 

employ dissociation between passages and therefore were cultured as 

aggregates had cell survival rates of about 42% as determined by the Grid Cell 

Count Method. In these bioreactors, cell densities decreased from approximately 

167,000 cells/mL to 70,000 cells/mL after 9 days of culture (p<0.05 when 

compared to cell densities at Day 9 in bioreactors employing enzymatic and 

chemical dissociation). This may be due to the necessary paracrine and 

autocrine factors required by these cells for survival and growth. 

Effect of Aggregate Dissociation on Fraction of Cells Present as 

Aggregates 

Figure VI.6 shows the change in the fraction of cells present as aggregates 

during the culture period. Bioreactors in which enzymatic dissociation was 

employed showed a decrease in the fraction of cells present as aggregates from 

approximately 0.64 to 0.35 after the 9-day culture period. This was further 

enhanced in bioreactors employing chemical dissociation, where the fraction of 

cells present as aggregates decreased from approximately 0.64 to 0.17. The 

maximum fraction of cells present as aggregates at Day 9 was found in 

bioreactors where cells were cultured as aggregates, which showed an 

insignificant decrease from approximately 0.61 at Day 0 to 0.50 at Day 9. 

Effect of Aggregate Dissociation on Culture Composition 

Figures VI.7, VI.8, and VI.9 illustrate the endocrine, exocrine, and ductal cell 

compositions at Days 0, 3, and 9, respectively. Upon receiving the cells, 

immunocytochemistry showed that the initial cell population consisted of 

approximately 2.24% endocrine cells (C-peptide-, glucagon-, somatostatin-, and 

pancreatic polypeptide-positive), 91.5% exocrine cells (amylase-positive), and 

4.51% ductal cells (CK7-positive). After 9 days of culture, the endocrine cell 

composition in bioreactors using enzymatic and chemical dissociation increased 
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Effect of Aggregate Dissociation on Fraction of 
Cel ls Present as Aggregates at Days 0, 3, and 9 

1 , 
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Figure VI.6. Fraction of cells present as aggregates (grid counts) at culture days 
0, 3, and 9 for K5/PN(1-3) and K6/PN(1-3) porcine pancreatic cells cultured in 
PPRF-p1 medium in 125 mL suspension bioreactors operated at 100 rpm in an 
incubator maintained at 37°C and 5% C O 2 using enzymatic, chemical, and no 
dissociation between passages. Cells passaged every other day for 9 days. 
Cultures undergoing no dissociation inoculated from K5/PN(1-3) and cultures 
undergoing enzymatic and chemical aggregate dissociation inoculated with cells 
from K6/PN(1-3). Statistical significance of difference calculated by unpaired t-
test. * p<0.05 (No Dissociation and Enzymatic Dissociation at Day 9 vs. Chemical 
Dissociation at Day 9). 
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Effect of Aggregate Dissociation on Percent of 
Endocrine Cells Present at Days 0, 3, and 9 
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Figure VI.7. Percent of endocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K5/PN(1-3) and K6/PN(1-3) 
porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 

using enzymatic, chemical, and no dissociation between passages. Cells 
passaged every other day for 9 days. Cultures undergoing no dissociation 
inoculated from K5/PN(1-3) and cultures undergoing enzymatic and chemical 
aggregate dissociation inoculated with cells from K6/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (Enzymatic and 
Chemical Dissociation at Day 9 vs. freshly isolated), ** p<0.005 (No Dissociation 
at Day 9 vs. Enzymatic and Chemical Dissociation at Day 9, and No Dissociation 
at Day 9 vs. freshly isolated). 
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Effect of Aggregate Dissociation on Percent of 
Exocrine Cells Present at Days 0, 3, and 9 
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Figure VI.8. Percent of exocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K5/PN(1-3) and K6/PN(1-3) 
porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 

using enzymatic, chemical, and no dissociation between passages. Cells 
passaged every other day for 9 days. Cultures undergoing no dissociation 
inoculated from K5/PN(1-3) and cultures undergoing enzymatic and chemical 
aggregate dissociation inoculated with cells from K6/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. *** p<0.0001 (Enzymatic, 
Chemical, and No Dissociation at Day 9 vs. freshly isolated). 
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Effect of Aggregate Dissociation on Percent of 
Ductal Cells Present at Days O1 3, and 9 
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Figure VI.9. Percent of ductal (CK7) cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K5/PN(1-3) and K6/PN(1-3) 
porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 

using enzymatic, chemical, and no dissociation between passages. Cells 
passaged every other day for 9 days. Cultures undergoing no dissociation 
inoculated from K5/PN(1-3) and cultures undergoing enzymatic and chemical 
aggregate dissociation inoculated with cells from K6/PN(1-3). 
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to approximately 6.7% and 6.6%, respectively (p<0.05). However, the endocrine 

cell composition for bioreactors not using dissociation increased to approximately 

16.1% (p<0.005). The exocrine cell composition decreased whether enzymatic, 

chemical, or no dissociation was used to 11.0%, 11.6%, and 7.49%, respectively 

(p<0.0001). The ductal cell population decreased slightly in enzymatic, chemical, 

and no dissociation bioreactors to 3.00%, 2.91%, and 3.57%, respectively, by 

Day 9. However, this decrease was not significant. The compositions of the 

remaining population of cells in all cultures were unknown. 

The C-peptide-positive cell density is shown in Figure VI. 10. The number of C-

peptide-positive cells present after 9 days of culture in bioreactors using 

enzymatic and chemical dissociation decreased from approximately 255,000 

cells to 39,000 cells and 35,000 cells, respectively. However, for cells not 

utilizing any dissociation, there was a slight increase in the number of C-peptide 

positive cells from 230,000 cells to 249,000 cells (not significant). 

The number of glucagon-positive cells decreased in bioreactors using enzymatic 

and chemical dissociation from about 183,000 cells to 35,000 cells. A decrease 

was also observed in bioreactors using no dissociation. However, there was a 

less steep drop from about 165,000 cells to 110,000 cells. This is shown in 

Figure V M 1 . 

The number of somatostatin-positive cells also decreased in bioreactors using 

enzymatic and chemical dissociation from about 110,000 cells to 35,000 cells 

and 51,000 cells, respectively. However, an increase in the number of 

somatostatin-positive cells was observed in bioreactors using no dissociation 

from about 100,000 cells to 190,000 cells (p<0.05). This is illustrated in Figure 

VI.12. 
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Effect of Aggregate Dissociation on C-Peptide-
Positive Cell Density at Days 0, 3, and 9 
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Figure VI.10. C-peptide-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K5/PN(1-3) and K6/PN(1-3) 
porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 

using enzymatic, chemical, and no dissociation between passages. Cells 
passaged every other day for 9 days. Cultures undergoing no dissociation 
inoculated from K5/PN(1-3) and cultures undergoing enzymatic and chemical 
aggregate dissociation inoculated with cells from K6/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (No Dissociation 
at Day 9 vs. Enzymatic and Chemical Dissociation at Day 9). 
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Effect of Aggregate Dissociation on Glucagon-
Positive Cell Density at Days 0, 3, and 9 
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Figure Vl .11. Glucagon-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K5/PN(1-3) and K6/PN(1-3) 
porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 

using enzymatic, chemical, and no dissociation between passages. Cells 
passaged every other day for 9 days. Cultures undergoing no dissociation 
inoculated from K5/PN(1-3) and cultures undergoing enzymatic and chemical 
aggregate dissociation inoculated with cells from K6/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (No Dissociation 
at Day 9 vs. Enzymatic and Chemical Dissociation at Day 9). 
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Effect of Aggregate Dissociation on 
Somatostatin-Positive Cell Density at 

Days 0, 3, and 9 
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Figure VI.12. Somatostatin-positive cell density at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K5/PN(1-3) and K6/PN(1-3) 
porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 

using enzymatic, chemical, and no dissociation between passages. Cells 
passaged every other day for 9 days. Cultures undergoing no dissociation 
inoculated from K5/PN(1-3) and cultures undergoing enzymatic and chemical 
aggregate dissociation inoculated with cells from K6/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (No Dissociation 
at Day 9 vs. Enzymatic and Chemical Dissociation at Day 9, and No Dissociation 
at Day 9 vs. freshly isolated). 
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Lastly, the number of pancreatic polypeptide-positive cells also decreased in 

bioreactors using enzymatic and chemical dissociation from approximately 

55,000 cells to 48,000 cells and 35,000 cells, respectively. However, this change 

was not significant. Again, an increase in the number of these cells was 

observed in bioreactors not using dissociation from approximately 50,000 cells to 

117,000 cells (p<0.05). Figure VI. 13 illustrates the pancreatic-polypeptide cell 

densities at Day 0, 3, and 9. 

Summary of Results and Discussion: Effect of Aggregate Dissociation 

After 9 days of suspension culture, cells cultured as aggregates in PPRF-p1 

medium were found to have almost 3 times higher cell densities than cultures 

undergoing chemical and enzymatic aggregate dissociation (p<0.05). 

Furthermore, culturing the cells as aggregates yielded more than double the 

percent of endocrine cells (p<0.005). Moreover, this yielded greater than 6 times 

the number of C-peptide-positive cells (p<0.05), greater than 3 times the number 

of glucagon- and somatostatin-positive cells (p<0.05), and greater than 2 times 

the number of pancreatic polypeptide-positive cells (p<0.05) when compared to 

cultures undergoing aggregreate dissociation. 

The results obtained in this experiment agree with the fact that destruction of the 

islet microenvironment during islet isolation leads to decreased islet survival as 

well as structural and functional abnormalities. The most important component of 

the islet microenvironment is E C M . Disruption of the cell-matrix relationship can 

lead to induction of apoptosis. It is believed that integrins, which are receptors by 

which cells interact with matrix proteins, are the physical basis for cell adhesion. 

Integrins transduce biochemical signals in and out of cells and interact with many 

structural and signaling proteins, therefore playing a role in growth and 

differentiation (Wang and Rosenberg, 1999). The binding of integrin to E C M 

proteins has also been shown to activate a pathway for intracellular signaling, 
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Effect of Aggregate Dissociation on Pancreatic 
Polypeptide-Positive Cel l Density at Days 0, 3, 
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Figure VI.13. Pancreatic Polypeptide-positive cell density at culture days 0, 3, 
and 9 in a total population (single cells + cells in aggregates) of K5/PN(1-3) and 
K6/PN(1-3) porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 using enzymatic, chemical, and no dissociation between passages. 
Cells passaged every other day for 9 days. Cultures undergoing no dissociation 
inoculated from K5/PN(1-3) and cultures undergoing enzymatic and chemical 
aggregate dissociation inoculated with cells from K6/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (No Dissociation 
at Day 9 vs. Enzymatic and Chemical Dissociation at Day 9, and No Dissociation 
at Day 9 vs. freshly isolated). 
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which prevents cells from entering the cascade of programmed cell death 

(Nagata et al., 2002). Wang and Rosenberg (1999) and Nagata et al. (2002) 

have shown that the co-culture of canine and rat islets, respectively, with E C M 

significantly decreases cell death. The dissociation of these porcine pancreatic 

aggregates into single cells resulted in decreased cell densities and lower 

fractions of cells present in aggregates, which may have been caused by the loss 

of E C M during dissociation. Based on these results, it was concluded that 

culturing the cells as aggregates was optimal to obtain increases in almost all of 

the endocrine cell types. The next section will discuss the effect of cell 

inoculation density on cell growth and population composition. 

VI.3.2 Effect of Cel l Inoculation Density 

In order to test the effect of cell inoculation density, six suspension bioreactors 

containing PPRF-p1 were inoculated with cells from K1/PN(1-3) and K2/PN(1-3) 

freshly obtained from the SMRI at room temperature in 50 mL centrifuge tubes 

containing the Edmonton medium. Two bioreactors were inoculated at 

approximately 6,300 cells/mL (low-level cell inoculation density) from K2/PN(1-3), 

two bioreactors were inoculated at approximately 50,000 cells/mL (mid-level cell 

inoculation density) from K1/PN(1-3), and two bioreactors were inoculated at 

approximately 127,000 cells/mL (high-level cell inoculation density) from 

K2/PN(1-3). The cell inoculation density used by Korbutt et al. (1996) was 

approximately 4.16 million cells/mL in bacteriological petri dishes containing 35.0 

mL of medium. However, since the volume of medium in suspension bioreactors 

is 100.0 mL, our experiments tested the effect of cell inoculation density at lower 

cell densities. Once the cells were inoculated, suspension bioreactors were 

operated at 100 rpm in a 37°C incubator containing 5% C O 2 . Cells were 

passaged every other day for 9 days. It should be noted that Day 0 denotes the 

end of Day 0 and the beginning of Day 1 (i.e. one day after cells were isolated), 

which is the beginning of the experiment (time of inoculation) and Days 3 and 9 

denote the end of the third and ninth day, respectively, on all Figures. 
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Validation of the Grid Cell Count Method 

The cell densities for each suspension bioreactor found using the DNA assay 

were once again well below the minimum DNA concentration used at the SMRI 

to generate the standard curve from calf thymus DNA and results had to be 

obtained through extrapolation. As stated in Section V.3.1, this introduces a high 

degree of uncertainty. The standard curve was again not made available by the 

SMRI and therefore is not shown. Results from the DNA assay are shown in 

Figure VI.14. However, again, it is important to note that since a sample was 

taken from the total population of cells on Day 0 at which point the cell density 

was very high, the results from the DNA assay were within the standard curve 

and indicated that there were approximately 27.3 million cells in the K2/PN(1-3) 

population. The grid cell count method determined there to be approximately 

26.7 million cells. Since these two cell numbers were within 5% of each other, 

the grid cell count method was again validated. Thus, the Grid Cell Count 

Method has been shown to be accurate when compared to both the DNA assay 

and hemocytometer cell counts. 

Effect of Cell Inoculation Density on Cell Density 

Cell densities in PPRF-p1 at a low-level inoculation density of approximately 

6,300 cells/mL decreased to 5,200 cells/mL (not significant), cell densities in 

PPRF-p1 at a mid-level inoculation density of 50,000 cells/mL decreased to 

19,000 cells/mL, and cell densities in PPRF-p1 at a high-level inoculation density 

of 127,000 cells/mL decreased to 70,000 cells/mL after 9 days of culture. This is 

illustrated in Figure VI.15. In bioreactors inoculated at 6,300 cells/ml_ (low-level), 

50,000 cells/mL (mid-level), and 127,000 cells/mL (high-level) in PPRF-p1 

medium, there were approximately 82.5%, 40.0%, and 55.1% of the cells at Day 

9 compared to the number of cells at inoculation, respectively. Therefore, 

bioreactors inoculated at the lowest cell density had a higher cell survival rate 

when compared to bioreactors inoculated at the highest cell density. 
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Effect of Cell Inoculation Density on Cell Density 
at Days 0 and 9 Measured Using DNA Assay 
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Figure VI.14. Cell density (DNA Assay) at culture days 0 and 9 for K1/PN(1-3) 
and K2/PN(1-3) porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days. Cultures inoculated at 
mid-level inoculation from K1/PN(1-3) and cultures inoculated at low- and high-
level inoculation from K2/PN(1-3). 
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Effect of Cell Inoculation Density on Cell Density 
at Days 0, 3, and 9 
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Figure VI.15. Cell density (grid counts) at culture days 0, 3, and 9 for K1/PN(1-
3) and K2/PN(1-3) porcine pancreatic cells cultured at varying cell inoculation 
densities in P P R F - p l medium in 125 mL suspension bioreactors operated at 100 
rpm in an incubator maintained at 37°C and 5% C O 2 . Cells passaged every 
other day for 9 days. Cultures inoculated at mid-level inoculation from K1/PN(1-
3) and cultures inoculated at low- and high-level inoculation from K2/PN(1-3). 
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Effect of Cell Inoculation Density on Fraction of Cells Present as 

Aggregates 

Cells in PPRF-p1 inoculated at a low-level cell density had a fraction of 

approximately 0.39 of the cells present as aggregates, whereas cells in PPRF-p1 

inoculated at a high-level cell density had a fraction of approximately 0.33 of the 

cells present as aggregates after 9 days of culture. Based on these results, cells 

in PPRF-p1 inoculated at a mid-level cell density of 50,000 cells/mL had the 

highest fraction of cells present as aggregates at 0.65, which increased from 0.25 

at inoculation (p<0.005), as shown in Figure VI.16. Furthermore, it was found 

that the aggregate density in PPRF-p1 medium inoculated at a low-level density 

increased from approximately 30 aggregates/mL to 70 aggregates/mL, the 

aggregate density in PPRF-p1 inoculated at a mid-level density increased from 

220 aggregates/mL to 430 aggregates/mL, and the aggregate density in P P R F -

p1 medium inoculated at a high-level density remained fairly constant at 520 

aggregates/mL. 

Effect of Cell Inoculation Density on Culture Composition 

Figures VI. 17 and VI. 18 illustrate the endocrine and exocrine cell compositions at 

Days 0, 3, and 9, respectively. At Day 0, it was found through 

immunocytochemistry that the cell population was comprised of approximately 

2.08% endocrine cells (insulin-, glucagon-, somatostatin-, and pancreatic 

polypeptide-positive), 91.3% exocrine cells (amylase-positive), and 6.59% ductal 

cells (CK7-positive). After 9 days of culture, it was found that the endocrine cell 

composition in PPRF-p1 at a low-level, mid-level, and high-level cell inoculation 

density increased to 11.6% (p<0.05), 8.48% (p<0.05), and 28.5% (p<0.005), 

respectively, of the total population. The exocrine cell composition was found to 

decrease to approximately 25.2% at a low-level cell inoculation density, 1.75% at 

a mid-level cell inoculation density, and 39.5% at a high-level cell inoculation 

density by Day 9 (p<0.0001). The ductal cell population in PPRF-p1 at a low-

level and high-level cell inoculation density was found to increase to about 
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Effect of Cell Inoculation Density on Fraction of 
Cells Present as Aggregates at Days 0, 3, and 9 
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Figure VI.16. Fraction of cells present as aggregates (grid counts) at culture 
days 0, 3, and 9 for K1/PN(1-3) and K2/PN(1-3) porcine pancreatic cells cultured 
at varying cell inoculation densities in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Cells passaged every other day for 9 days. Cultures inoculated at mid-level 
inoculation from K1/PN(1-3) and cultures inoculated at low- and high-level 
inoculation from K2/PN(1-3). Statistical significance of difference calculated by 
unpaired t-test. * p<0.05 (Mid-Level at Day 9 vs. Low-Level at Day 9), ** p<0.005 
(Mid-Level at Day 9 vs. High-Level at Day 9, and Mid-Level at Day 9 vs. freshly 
isolated). 
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Effect of Cell Inoculation Density on Percent of 
Endocrine Cells Present at Days 0, 3, and 9 
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Figure VI.17. Percent of endocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K1/PN(1-3) and K2/PN(1-3) 
porcine pancreatic cells cultured at varying cell inoculation densities in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Cultures inoculated at mid-level inoculation from K1/PN(1-3) and cultures 
inoculated at low- and high-level inoculation from K2/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (Low-Level and 
Mid-Level at Day 9 vs. freshly isolated), ** p<0.005 (High-Level at Day 9 vs. 
freshly isolated, and High-Level at Day 9 vs. Low-Level and Mid-Level at Day 9). 
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Effect of Cell Inoculation Density on Percent of 
Exocrine Cells Present at Days 0, 3, and 9 
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Figure V M 8 . Percent of exocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K1/PN(1-3) and K2/PN(1-3) 
porcine pancreatic cells cultured at varying cell inoculation densities in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Cultures inoculated at mid-level inoculation from K1/PN(1-3) and cultures 
inoculated at low- and high-level inoculation from K2/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. ** p<0.005 (High-Level at 
Day 9 vs. Low-Level at Day 9, and Low-Level at Day 9 vs. Mid-Level at Day 9), 
*** p<0.0001 (High-Level at Day 9 vs. Mid-Level at Day 9, and High-Level, Mid-
Level, and Low-Level at Day 9 vs. freshly isolated). 
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22.8% and 28.6%, respectively, by Day 9 (p<0.005) (see Figure VI. 19). 

However, the ductal cell population in PPRF-p1 at a mid-level inoculation density 

changed insignificantly and was approximately 7.77% by Day 9. The 

compositions of the remaining population of cells at the low- and mid-level 

inoculation were not known. 

It was found that the number of insulin-positive cells present after 9 days of 

culture at a low-level cell inoculation density increased in number by 496% 

(31,000 cells from 6,200 cells, pO.0001) and the number of glucagon-

positive cells increased by 324% (20,000 cells from 6,200 cells, p<0.0001). At a 

mid-level cell inoculation density the number of insulin-positive cells increased by 

183% (118,000 cells from 65,000 cells, p<0.005) and the number of glucagon-

positive cells decreased to 54% (27,000 cells from 50,000 cells). At a high-level 

cell inoculation density the number of insulin-positive cells increased by 747% 

(937,000 cells from 126,000 cells, p<0.0001) and the number of glucagon-

positive cells increased by 161% (202,000 cells from 126,000 cells, p<0.05). 

Refer to Figures VI.20 and VI.21. Changes in somatostatin- and pancreatic 

polypeptide-positive cell density can be found in Figures VI.22 and VI.23, 

respectively. However, Day 0 data were not available. 

Summary of Results and Discussion: Effect of Cell Inoculation Density 

Cells cultured at 127,000 cells/mL (high-level) in PPRF-p1 medium were found to 

have greater than double the percent of endocrine cells when compared to cells 

inoculated at a mid- and low-level density after 9 days of culture (p<0.005). 

Although cells cultured at 50,000 cells/mL (mid-level) had a higher fraction of 

cells in aggregates and cells cultured at 6,300 cells/mL (low-level) had a higher 

cell survival rate, cells cultured at 127,000 cells/ml_ (high-level) showed a more 

than 7 times increase in the number of insulin-positive cells (p<0.0001) and an 

almost 2 times increase in the number of glucagon-positive cells (p<0.05) by the 

end of 9 days of culture. 
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Effect of Cell Inoculation Density on Percent of 
Ductal Cells Present at Days 0, 3, and 9 
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Figure VI.19. Percent of ductal (CK7) cells present at culture days 0, 3, and 9 in 
a total population (single cells + cells in aggregates) of K1/PN(1-3) and K2/PN(1-
3) porcine pancreatic cells cultured at varying cell inoculation densities in P P R F -
p1 medium in 125 mL suspension bioreactors operated at 100 rpm in an 
incubator maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 
days. Cultures inoculated at mid-level inoculation from K1/PN(1-3) and cultures 
inoculated at low- and high-level inoculation from K2/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (High-Level at 
Day 9 vs. Low-Level at Day 9), ** p<0.005 (High-Level at Day 9 vs. Mid-Level at 
Day 9, Low-Level at Day 9 vs. Mid-Level at Day 9, High-Level at Day 9 vs. 
freshly isolated, and Low-Level at Day 9 vs. freshly isolated). 
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Effect of Cell Inoculation Density on Insulin-
Positive Cell Density at Days 0, 3, and 9 
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Figure VI.20. Insulin-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K1/PN(1-3) and K2/PN(1-3) 
porcine pancreatic cells cultured at varying cell inoculation densities in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Cultures inoculated at mid-level inoculation from K1/PN(1-3) and cultures 
inoculated at low- and high-level inoculation from K2/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. ** p<0.005 (Mid-Level at 
Day 9 vs. freshly isolated), *** pO.0001 (High-Level at Day 9 vs. freshly isolated, 
and Low-Level at Day 9 vs. freshly isolated). 
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Effect of Cell Inoculation Density on Glucagon-
Positive Cell Density at Days 0, 3, and 9 
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Figure VI.21. Glucagon-positive cell density at culture days 0, 3, and 9 in a total 
population (single cells + cells in aggregates) of K1/PN(1-3) and K2/PN(1-3) 
porcine pancreatic cells cultured at varying cell inoculation densities in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Cultures inoculated at mid-level inoculation from K1/PN(1-3) and cultures 
inoculated at low- and high-level inoculation from K2/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (High-Level at 
Day 9 vs. freshly isolated), *** p<0.0001 (Low-Level at Day 9 vs. freshly isolated). 
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Figure VI.22. Somatostatin-positive cell density at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K1/PN(1-3) and K2/PN(1-3) 
porcine pancreatic cells cultured at varying cell inoculation densities in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
Cultures inoculated at mid-level inoculation from K1/PN(1-3) and cultures 
inoculated at low- and high-level inoculation from K2/PN(1-3). Data not available 
for Day 0. 
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Figure VI.23. Pancreatic Polypeptide-positive cell density at culture days 0, 3, 
and 9 in a total population (single cells + cells in aggregates) of K1/PN(1-3) and 
K2/PN(1-3) porcine pancreatic cells cultured at varying cell inoculation densities 
in PPRF-p1 medium in 125 mL suspension bioreactors operated at 100 rpm in an 
incubator maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 
days. Cultures inoculated at mid-level inoculation from K1/PN(1-3) and cultures 
inoculated at low- and high-level inoculation from K2/PN(1-3). Data not available 
for Day 0. 
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It is important to note that there may be error in the results reported for the low-

level inoculation density due to the smaller population of cells obtained in each 

sample, which may therefore not have been representative of the total culture. 

However, in comparing the endocrine cells between high- and mid-level 

inoculation, it is possible that a greater increase in the number of endocrine cells 

was obtained in cultures inoculated at the high-level inoculation density due to 

greater cell-cell interactions simply due to the higher number of total cells in 

culture. Paracrine factors produced between these cells may play a role in cell 

growth and differentiation. However, the decreased fraction of cells present in 

aggregates at the high-level inoculation was not expected. Perhaps, the fraction 

of cells present in aggregates at the mid-level inoculation is a cell type from the 

remaining unknown cell population or this difference may be due to donor-to-

donor variability. This would have to be further investigated. 

In any case, since the greatest increase in the number of insulin-positive cells 

was obtained from a high-level cell inoculation density in PPRF-p1 after 9 days of 

culture, these data were then compared to results obtained by Korbutt et al. 

(1996), shown in the next section. 

Comparison of Results Obtained from High Cell Inoculation Density in 

PPRF-p1 to Korbutt ef al. (1996) 

After 9 days of stationary culture in petri dishes (diameter of 15 cm) containing 

35.0 mL of Edmonton medium as reported by Korbutt et al. (1996), a cell 

population consisting of 35% endocrine cells, 3% exocrine cells, and 57% ductal 

cells was achieved (see Section 111.2.1). Comparing these results to the optimal 

results obtained at P P R F using a high-level cell inoculation density of 127,000 

cells/mL, a population of cells consisting of approximately 30% endocrine (Figure 

VI.24), 40% exocrine (Figure VI.25), and 30% ductal (Figure VI.26) was achieved 

after a 9-day culture period. 
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Figure VI.24. Percent of endocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K2/PN(1-3) porcine 
pancreatic cells cultured in PPRF-p1 medium inoculated at 127,000 cells/mL 
(High-Level) in 125 mL suspension bioreactors operated at 100 rpm in an 
incubator maintained at 37°C and 5% C O 2 compared to results found by Korbutt 
et al. (1996). Cells passaged every other day for 9 days. 
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Figure VI.25. Percent of exocrine cells present at culture days 0, 3, and 9 in a 
total population (single cells + cells in aggregates) of K2/PN(1-3) porcine 
pancreatic cells cultured in PPRF-p1 medium inoculated at 127,000 cells/mL 
(High-LeveI) in 125 mL suspension bioreactors operated at 100 rpm in an 
incubator maintained at 37°C and 5% C O 2 compared to results found by Korbutt 
et al. (1996). Cells passaged every other day for 9 days. 
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9: Comparison of P P R F Results to Korbutt et al. 
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Figure VI.26. Percent of ductal (CK7) cells present at culture days 0, 3, and 9 in 
a total population (single cells + cells in aggregates) of K2/PN(1-3) porcine 
pancreatic cells cultured in PPRF-p1 medium inoculated at 127,000 cells/mL 
(High-LeveI) in 125 mL suspension bioreactors operated at 100 rpm in an 
incubator maintained at 37°C and 5% C O 2 compared to results found by Korbutt 
et al. (1996). Cells passaged every other day for 9 days. 
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Furthermore, the results reported by Korbutt et al. (1996) show that the number 

of insulin-positive cells decreased from 29.2 million cells to 13.3 million cells and 

the number of glucagon-positive cells decreased from 11.7 million cells to 4.4 

million cells after 9 days of stationary culture. Therefore, there were 46% of the 

insulin-positive cells and 38% of the glucagon-positive cells left at Day 9 of 

culture when compared to the population at isolation. When comparing these 

results to P P R F results at a high-level cell inoculation density of 127,000 cells/mL 

in PPRF-p1 , an increase was observed in the number of insulin-, glucagon-, 

somatostatin-, and pancreatic polypeptide-positive cells, respectively, after 9 

days of culture. These results are shown in Figure VI.27. 

It should be noted that the increase in the number of endocrine cells may imply 

that these cells are proliferating or that other cell types, such as ductal or 

exocrine cells, are transdifferentiating into these endocrine cell types. This could 

be determined through co-staining of these cells with the marker Ki67, which is a 

nuclear protein expressed in all phases of the cell cycle except the resting phase 

and is therefore a marker for proliferating cells, with each of the respective 

pancreatic markers. If a particular population of cells stain positive for Ki67 then 

that particular population should be co-stained with the endocrine markers to 

determine whether that cell type is differentiating into an endocrine cell type. 

Another method of testing this is through the use of a nucleic acid stain using 5-

bromo-2'-deoxy-uridine (BrdU). BrdU can be added to the culture and is 

incorporated into DNA in place of thymidine only during the S-phase (DNA 

replication) of the cell cycle. BrdU can, therefore, be used to measure DNA 

synthesis or cell proliferation. Cells that have incorporated BrdU into their DNA 

can be detected using a monoclonal antibody against BrdU. Therefore, either 

co-staining of pancreatic cell types with Ki67 or BrdU would give an indication of 

which cell is actively dividing in the culture (Kee et al., 2002). 
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Figure VI.27. Endocrine cell density at culture days 0, 3, and 9 from a total 
population (single cells + cells in aggregates) of K2/PN(1-3) porcine pancreatic 
cells cultured in PPRF-p1 medium inoculated at 127,000 cells/ml_ (High-Level) in 
125 mL suspension bioreactors operated at 100 rpm in an incubator maintained 
at 37°C and 5% C O 2 . Cells passaged every other day for 9 days. 
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Vl.3.3 Effect of Long-Term Culture 

The objective of this experiment was to investigate the effect long-term culture 

had on cell density, fraction of cells present as aggregates, and culture 

composition in order to determine whether there was a further increase in the 

number of endocrine cells after the 9-day culture period. Therefore, these cells 

were cultured for 60 days. It was not possible to observe changes in the cell 

population for more than 60 days due to time constraints. Moreover, based on 

the results discussed in this section, useful data would likely not have been 

obtained by culturing the cells for more than 60 days. Lastly, it is important to 

note that aggregates and single cells were separated with a 40 \xm filter (VWR, 

CaW 352340). 

In this experiment, fresh porcine pancreatic tissue (aggregates and single cells) 

isolated using the procedure of Korbutt et al. (1996) from two porcine pancreases 

[K7/PN(1-3) and K8/PN(1-3)] were obtained from the SMRI at room temperature 

in 50 mL centrifuge tubes containing the Edmonton medium. Cells from each cell 

line were inoculated into four 125 mL suspension bioreactors all containing 

PPRF-p1 , for a total of eight 125 mL suspension bioreactors. The resulting 

inoculation density was approximately 225,000 cells/mL. Once the cells were 

inoculated, suspension bioreactors were operated at 100 rpm in a 37°C incubator 

containing 5% C O 2 . Cells were passaged every other day for 9 days and then 

once per week thereafter. It should be noted that Day 0 denotes the end of Day 

0 and the beginning of Day 1 (i.e. one day after cells were isolated), which is the 

beginning of the experiment (time of inoculation) and Days 9, 30, and 60 denote 

the end of the ninth, thirtieth, and sixtieth day, respectively, on all Figures. 

Effect of Long-Term Cell Culture on Cell Density 

Cell densities in all bioreactors decreased from approximately 225,000 cells/mL 

to 129,000 cells/mL by Day 9 of culture and further decreased to approximately 
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37,000 cells/mL by Day 60 of culture, as determined by the Grid Cell Count 

Method. Cell density plots at Day 0, 9, 30, and 60 can be found in Figure VI.28. 

Effect of Long-Term Cell Culture on Fraction of Cells Present as 

Aggregates 

The fraction of cells present as aggregates did not change significantly during the 

first 30 days of culture and was approximately 0.50. However, this was followed 

by a decrease to 0.10 by Day 60 (see Figure VT.29). Photomicrographs of the 

total, aggregate, and single cell population at inoculation can be seen in Figure 

VI.30. It should be noted that aggregates are not spherical at isolation, rather 

they appear as sections of tissue. However, by Day 3 it is observed that 

aggregates begin to become spherical (Figure VI.31). By Day 9, aggregates 

appear spherical (Figure VI.32). This may imply that cells are forming islet-like 

aggregates within the first 9 days of culture. As seen in Figure VI.33 and VI.34, 

which are photomicrographs at Days 30 and 60, respectively, aggregates begin 

to disintegrate, which may explain the decrease in cell density and fraction of 

cells present as aggregates. These data imply that cells may need to exist as 

aggregates for survival, as also shown in Section Vl.3.1. 

Effect of Long-Term Culture on Culture Composition 

Upon receiving the cells, immunocytochemistry was performed using C-peptide, 

glucagon, somatostatin, pancreatic polypeptide, CK7, amylase, vimentin, and 

PDX-1 antibodies in an attempt to characterize the total population of cells. Cells 

were stained for vimentin in order to determine whether a fraction of the 

population was mesenchymal. As seen in this and the previous chapter, it was 

difficult to characterize the total cell population, as the cell types stained did not 

account for 100% of the population, indicating the presence of other cell types. 

Based on experiments in our laboratory (unpublished results), mesenchymal 

cells are known to exist in pancreatic cell populations, especially after in vitro 

culture. Furthermore, Seaberg et al. (2004) were also only able to account for 
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Figure VI.28. Cell density (grid counts) at culture days 0, 9, 30, and 60 for 
K7/PN(1-3) and K8/PN(1-3) porcine pancreatic cells cultured in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days and 
then once per week thereafter. Values shown are an average taken from data 
obtained from eight suspension bioreactors, four inoculated from K7/PN(1-3) and 
four inoculated from K8/PN(1-3). 
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Fraction of Cel ls Present as Aggregates at Days 
0, 9, 30, and 60 
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Figure VI.29. Fraction of cells present as aggregates (grid counts) at culture 
days 0, 9, 30, and 60 for K7/PN(1-3) and K8/PN(1-3) porcine pancreatic cells 
cultured in PPRF-p1 medium in 125 mL suspension bioreactors operated at 100 
rpm in an incubator maintained at 37°C and 5% C O 2 . Cells passaged every 
other day for 9 days and then once per week thereafter. Values shown are an 
average taken from data obtained from eight suspension bioreactors, four 
inoculated from K7/PN(1-3) and four inoculated from K8/PN(1-3). 
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Day O 

Figure VI.30. Photomicrographs of neonatal porcine pancreatic cells [K7/PN(1-
3) and K8/PN(1-3)] received one day after isolation (Day 0). Cells were received 
in a 50 mL centrifuge tube containing Edmonton medium at room temperature. 
Photomicrographs (a) and (b) show total cell population, (c) and (d) show 
aggregate population, and (e) and (f) show single cell population. White scale 
bar represents 100 urn and black scale bar represents 50 um. 
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Day 3 

Figure VI.31. Photomicrographs of neonatal porcine pancreatic cells [K7/PN(1-
3) and K8/PN(1-3)] at Day 3. Cells cultured in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day. Photomicrographs (a) and (b) 
show total cell population, (c) and (d) show aggregate population, and (e) and (f) 
show single cell population. White scale bar represents 100 um and black scale 
bar represents 50 urn. 



216 

Day 9 

Figure VI.32. Photomicrographs of neonatal porcine pancreatic cells [K7/PN(1-
3) and K8/PN(1-3)] at Day 9. Cells cultured in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day. Photomicrographs (a) and (b) 
show total cell population, (c) and (d) show aggregate population, and (e) and (f) 
show single cell population. White scale bar represents 100 [irr\ and black scale 
bar represents 50 |xm. 
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Day 30 

Figure VI.33. Photomicrographs of neonatal porcine pancreatic cells [K7/PN(1-
3) and K8/PN(1-3)] at Day 30. Cells cultured in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day. Photomicrographs (a) and (b) 
show total cell population. White scale bar represents 100 u.m and black scale 
bar represents 50 urn. 

Day 60 

Figure VI.34. Photomicrographs of neonatal porcine pancreatic cells [K7/PN(1-
3) and K8/PN(1-3)] at Day 60. Cells cultured in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day. Photomicrographs (a) and (b) 
show total cell population. White scale bar represents 100 (im and black scale 
bar represents 50 (am. 
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50% of their murine pancreatic cell populations through immunocytochemistry 

and showed that cells from blood vessels make up a large fraction of pancreatic 

cell populations after stationary culture. However, upon staining for vimentin, the 

composition of the culture was still not fully known. Perhaps, staining for smooth 

muscle actin and nestin, in addition to vimentin, which are all markers for blood 

vessels, may have aided in characterizing the total cell population in our culture. 

PDX-1 was chosen to determine whether pancreatic precursor cells existed in 

the population. A sample population positive for C-peptide, glucagon, 

somatostatin, and pancreatic polypeptide is shown in Figure VI.35. A sample 

population of cells positive for CK7, amylase, vimentin, and PDX-1 is shown in 

Figure VI.36. 

Total Cell Population 

The total cell composition at Days 0, 9, 30, and 60 is illustrated in Figure VI.37. 

Immunocytochemistry indicated that the initial total cell population consisted of 

approximately 2.67% endocrine cells (C-peptide-, glucagon-, somatostatin-, and 

pancreatic polypeptide-positive), 87.1% exocrine cells (amylase-positive), 8.91% 

ductal cells (CK7-positive), and 2.25% mesenchymal cells (vimentin-positive). 

After 9 days of culture, the endocrine cell composition increased to approximately 

10.8%, and further increased to 15.0% after 30 days of culture. By Day 60 of 

culture, the endocrine cell composition changed insignificantly and was at about 

14.0%. The exocrine cell composition decreased to 3.94% by Day 9, and then 

increased slightly to 6.36% by Day 30 and 9.67% by Day 60. The ductal cell 

composition did not change greatly during the first 9 days of culture, however, by 

Day 30, there was a slight drop to about 5.48% followed by an increase to 13.6% 

by Day 60. The mesenchymal cell composition increased throughout the 60 

days to reach a maximum of 32.8% by Day 60. 



219 

© 

a) C-Peptide 

t 

b) Glucagon 

® 

c) Somatostatin d) Pancreatic Polypeptide 

Figure VI.35. Photomicrographs of neonatal porcine pancreatic cells [K7/PN(1-
3) and K8/PN(1-3)] at Day 9. Arrows show cells positive for indicated marker. 
Cells previously cultured in PPRF-p1 medium in 125 mL suspension bioreactors 
operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . Cells 
passaged every other day. Scale bar represents 50 um. 
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Figure VI.36. Photomicrographs of neonatal porcine pancreatic cells [K7/PN(1-
3) and K8/PN(1-3)] at Day 9. Arrows show cells positive for indicated marker. 
Cells previously cultured in PPRF-p1 medium in 125 mL suspension bioreactors 
operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . Cells 
passaged every other day. Scale bar represents 50 Lim. 



221 
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Figure VI.37. Total cell population composition at culture days 0, 9, 30, and 60 
for K7/PN(1-3) and K8/PN(1-3) porcine pancreatic cells cultured in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days and 
then once per week thereafter. Values shown are an average taken from data 
obtained from eight suspension bioreactors, four inoculated from K7/PN(1-3) and 
four inoculated from K8/PN(1-3). 
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Aggregate Composition 

The aggregate composition at Days 0, 9, 30, and 60 is shown in Figure VI.38. 

The composition of the aggregates upon inoculation was 3.80% endocrine cells, 

84.9% exocrine cells, 3.17% ductal cells, and 2.52% mesenchymal cells. The 

endocrine cell population increased throughout the first 30 days of cultures and 

was at 11.0% by Day 9 and 14.7% by Day 30. This was followed by a slight 

decrease to 13.1% by Day 60. The exocrine cell composition decreased during 

the first 9 days to 3.84% and then increased slightly to 6.47% by Day 30 and 

10.2% by Day 60. The ductal cell composition increased during the first 9 days 

to 8.49% and stayed approximately the same at Day 30, however it increased to 

13.7% by Day 60. The mesenchymal cell composition did not change greatly 

during the first 9 days of culture, but this was followed by an increase to 23.0% 

by Day 30 and 30.6% by Day 60. 

Single Cell Composition 

The single cell composition at Days 0, 9, 30, and 60 is shown in Figure VI.39. 

The single cell population consisted of 2.76% endocrine, 80.2% exocrine, 8.18% 

ductal, and 4.12% mesenchymal upon receipt from the SMRI. The endocrine cell 

composition increased during the first 30 days of culture to 6.61% by Day 9 and 

15.5% by Day 30. By Day 60, there was a slight drop to 12.8%. The exocrine 

cell composition decreased significantly during the first 9 days, as was also 

observed with the total and aggregate population, to 4.15%, followed by a slight 

increase to 8.12% by Day 30 and a slight decrease to 6.89% by Day 60. The 

ductal cell composition increased during the first 9 days to 13.6% followed by a 

decrease to 3.28% by Day 30, and then an increase to 12.8% by Day 60. The 

mesenchymal cell population was also seen to increase during the culture period 

as was observed with the total and aggregate populations to 28.0% by Day 60. 
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Figure VI.38. Aggregate composition at culture days 0, 9, 30, and 60 for 
K7/PN(1-3) and K8/PN(1-3) porcine pancreatic cells cultured in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days and 
then once per week thereafter. Values shown are an average taken from data 
obtained from eight suspension bioreactors, four inoculated from K7/PN(1-3) and 
four inoculated from K8/PN(1-3). 
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Figure VI.39. Single cell population composition at culture days 0, 9, 30, and 60 
for K7/PN(1-3) and K8/PN(1-3) porcine pancreatic cells cultured in PPRF-p1 
medium in 125 mL suspension bioreactors operated at 100 rpm in an incubator 
maintained at 37°C and 5% C O 2 . Cells passaged every other day for 9 days and 
then once per week thereafter. Values shown are an average taken from data 
obtained from eight suspension bioreactors, four inoculated from K7/PN(1-3) and 
four inoculated from K8/PN(1-3). 
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Endocrine Cell Composition in the Total, Aggregate, and Single Cell Population 

The endocrine cell composition in the total, aggregate, and single cell 

populations is further detailed in Tables VI.1, VI.2, and VI.3, respectively. PDX-1 

is included in these tables since beta cells are known to express PDX-1 

throughout development and maturation. For all endocrine cells types, results 

show that slight differences existed amongst the total, aggregate, and single cell 

populations. Furthermore, the endocrine cell composition was found to be higher 

in aggregates than single cells at Day 9 (p<0.05). It is also noted that a small 

percentage of cells in all cultures are PDX-1-positive throughout the 60-day 

culture period. 

Summary of Resul ts and D iscuss ion : Effect of Long-Term Culture 

Culturing the cells for 9 days was found to be a favorable culture period as 

compared to 30 and 60 days. Long-term culturing led to decreasing cell 

densities and unhealthy cultures of disintegrating aggregates. Lastly, aggregate 

populations showed a higher endocrine composition (11.0%) at Day 9 when 

compared to the single cell endocrine composition (6.61%) (p<0.05). 

These results showing decreasing cell densities throughout 60 days of culture 

were expected based on results reported in the literature. In vitro culture of 

human pancreatic cells have shown that human islets have a short life span, 

especially when cultured with contaminating exocrine and mesenchymal cells 

(Schmied et al., 2000b). The study by Schmied et al. (2000b) showed that the 

number of endocrine cells and their hormonal secretion, and thus functionality, 

decreased throughout the 60 days of stationary culture. This short islet life span 

has also been demonstrated in the hamster model (Schmied et al., 2000a). 

However, in both studies, there was a simultaneous increase in the number of 

ductal cells. Although, this was not the case with our study, the identification of 

the remaining population of cells may provide insight in the behaviors of our 

suspension cultures. 
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Table VI.1. Total cell population endocrine composition of K7/PN(1-3) and 
K8/PN(1-3) porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days and then once per 
week thereafter. Values shown are an average taken from data obtained from 
eight suspension bioreactors, four inoculated from K7/PN(1-3) and four 
inoculated from K8/PN(1-3). 

Time (days) C-peptide Glucagon Somatostatin 
Pancreatic 
Polypeptide PDX-1 

0 0.868 + 0.132 0.876 + 0.223 0.610 + 0.101 0.316 + 0.101 2.82 + 0.134 
9 2.82 + 0.668 3.10 + 0.531 2.53 + 0.806 2.34 + 0.809 1.67 + 0.137 
30 1.97 + 0.0935 5.48 + 2.86 5.39 + 3.82 2.17 + 0.558 1.86 + 0.953 
60 1.57 + 0.274 8.07 + 1.67 3.23 + 0.0866 1.09 + 0.415 1.19 + 0.110 

Table VI.2. Aggregate endocrine composition of K7/PN(1-3) and K8/PN(1-3) 
porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Cells passaged every other day for 9 days and then once per week thereafter. 
Values shown are an average taken from data obtained from eight suspension 
bioreactors, four inoculated from K7/PN(1-3) and four inoculated from K8/PN(1-
3). 

Time (days) C-peptide Glucagon Somatostatin 
Pancreatic 
Polypeptide PDX-1 

0 0.891 +0.417 0.891 +0.417 1.09 + 0.692 0.931 +0.341 1.19 + 0.276 
9 3.19 + 0.464 1.66 + 0.615 3.09 + 0.531 3.09 + 0.664 1.86 + 0.953 
30 1.38 + 0.550 6.10 + 0.374 5.74 + 1.63 1.47 + 0.961 3.75 + 0.655 
60 1.38 + 0.825 5.93 + 0.375 3.01 +0.133 2.82 + 0.668 1.19 + 0.276 

Table VI.3. Single cell population endocrine composition of K7/PN(1-3) and 
K8/PN(1-3) porcine pancreatic cells cultured in PPRF-p1 medium in 125 mL 
suspension bioreactors operated at 100 rpm in an incubator maintained at 37°C 
and 5% C O 2 . Cells passaged every other day for 9 days and then once per 
week thereafter. Values shown are an average taken from data obtained from 
eight suspension bioreactors, four inoculated from K7/PN(1-3) and four 
inoculated from K8/PN(1-3). 

Time (days) C-peptide Glucagon Somatostatin 
Pancreatic 
Polypeptide PDX-1 

0 1.01 +0.230 1.05 + 0.130 0.497 + 0.140 0.200 + 0.019 4.34 + 3.36 
9 3.00 + 0.878 2.62 + 0.724 0.694 + 0.251 0.299 + 0.0843 2.53 + 1.07 
30 2.15 + 0.541 4.57+1.55 4.88 + 3.86 3.90 + 1.21 1.18 + 0.829 
60 3.00 + 0.931 6.15 + 2.74 2.98 + 0.702 0.620 + 0.245 1.67 + 0.137 
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VI.4 C O N C L U S I O N S 

This chapter dealt with the effects aggregate dissociation and cell inoculation 

density had on endocrine cell growth. All experiments were carried out in P P R F -

p1 as this medium was shown to perform better than the Edmonton medium 

(published) in the previous chapter. 

It was determined that in order for neonatal porcine pancreatic cells to survive, 

existing as aggregates was essential. Cells existing as aggregates had a 

higher cell survival rate than cell populations that were either enzymatically or 

chemically dissociated between passages. Furthermore, culturing the cells as 

aggregates for 9 days resulted in a higher endocrine cell composition and higher 

numbers of all endocrine cell types than cultures undergoing aggregate 

dissociation between passages. Therefore, the fact that these cells can and 

should be cultured as aggregates is advantageous, as it allows for the easier 

integration of perfusion into the bioreactor design. 

The second study involved testing the effects of cell inoculation density. Three 

different densities were tested. Results from this study showed that culturing the 

cells at approximately 127,000 cells/mL (high-level) cell density for 9 days 

resulted in the largest increase in the percent of endocrine cells, as well as a 

greater than 7 times increase in the number of insulin-positive cells. The percent 

of endocrine cells obtained in suspension culture was comparable to the results 

reported by Korbutt et al. (1996). 

Based on the results obtained from the previous two experiments carried out in 

this chapter, it was concluded that neonatal porcine pancreatic cells are best 

cultured as aggregates at cell densities around 127,000 cells/mL (high-level) in 

suspension culture for 9 days to yield the maximum number of insulin-positive 

cells. 
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Results from long-term cell culture showed that cell densities continue to 

decrease in addition to the fraction of cells present as aggregates. Furthermore, 

the mesenchymal cell population continues to proliferate with culture time, which 

is undesirable as the focus is to expand endocrine cells. Cell densities were 

higher on Day 9 than on Days 30 and 60, and the number of endocrine cells was 

also higher on Day 9. Thus, a culture time of 9 days is still optimal when 

compared to Days 30 and 60. Lastly, at Day 9, the aggregate population 

consisted of a greater percentage of endocrine cells when compared to the 

single cell population. 
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CHAPTER Vii 

PORCINE PANCREATIC TISSUE AGGREGATE FUNCTIONALITY 
STUDIES 

VII.1 OVERVIEW 

The previous two chapters dealt with cell culture medium conditions, cell 

handling protocols, and long-term culture of neonatal porcine pancreatic cells. It 

was shown that neonatal porcine pancreatic aggregates after 9 days of 

suspension culture contained all of the endocrine cell types, thus they will be 

referred to as islet-like aggregates. This chapter will cover functionality studies 

required to determine whether it is feasible to use these cells for transplantation 

after a 9-day suspension culture period. In vitro functionality tests were carried 

out through static incubation assays (glucose challenge tests) to determine 

whether cells cultured for 9 days could secrete insulin/C-peptide in response to 

glucose in the medium. Results from the assay showed that cells were functional 

as they were capable of producing C-peptide in response to glucose. Stimulation 

indices ranged from approximately 1.94 to 10.4. Maximum stimulation indices 

ranged from approximately 26.0 to 94.8. Furthermore, these indices were 

comparable to the stimulation and maximum stimulation indices reported in the 

literature for neonatal orcine pancreatic cells, which are approximately 5.5 and 

39.9, respectively (Korbutt et al., 1996). 

VII.2 INTRODUCTION 

The goal of this research is to use the knowledge gained from these experiments 

to human pancreatic cell lines and to eventually use these cells at a clinical level. 
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However, in addition to characterizing the cell population, it is necessary to carry 

out in vitro and in vivo functionality tests to assess whether culture protocols and 

the use of these cells are clinically feasible. 

It is first important to test these cells in vitro to determine whether they are 

capable of secreting insulin/C-peptide to elevated glucose levels, which are 

termed glucose challenge tests. This is accomplished through a standard static 

incubation assay in which cells are cultured for 2 hours in 3 different types of 

media: 2.8 mM glucose, 20 mM glucose, 20 mM glucose + 10 mM theophylline in 

an incubator at 37°C and 5% C O 2 . All media contain C a 2 + in the form of CaCI 2 

since C a 2 + is required for insulin/C-peptide secretion (described in Section 

11.1.2.1). The amount of C-peptide can be measured through a 

radioimmunoassay. From these data, it is possible to calculate the stimulation 

index and maximum stimulation index: 

Stimulation Index (Si) = Stimulated C-Peptide Release at 20 mM Glucose 

Basal C-Peptide Release at 2.8 mM Glucose 

Maximum Stimulation Index (Si) = 

Stimulated C-Peptide Release at 

20 mM Glucose + 10 mM Theophylline 

Basal C-Peptide Release at 2.8 mM 

Glucose 

A stimulation index or maximum stimulation index less than or equal to 1 shows 

that the cells are unresponsive to stimulatory glucose levels and theophylline, 

which is a chemical that stimulates beta cells to secrete insulin/C-peptide by 

depolarizing the cell membrane. Therefore, these cells are not functional in vitro 

and would likely not correct diabetes in vivo. However, stimulation indices 

greater than 1 indicate cells are functional. 
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Studies by Polastri et al. (2002) showed that after a 5-day culture period, human 

islets had a stimulation index of approximately 5.5 after static incubation in 3.3 

mM glucose for 30 minutes and 16.7 mM glucose for 20 minutes. Langer et al. 

(1999) reported that after human islets have been cultured overnight, they have a 

stimulation index of approximately 13.9 after a static incubation in 1.67 mM and 

16.7 mM glucose for 90 minutes. Results by Bennet et al. (1999) have shown 

that after a 4-7 day culture at 24°C, stimulation indices of human islets in 1.67 

mM glucose and 16.7 mM glucose ranges from 1.2 to 7.0. Experiments by 

Brandhorst et al. (2003) on human islets showed that after an 18-36 h culture-

period at 37°C, a static incubation in 1.67 mM glucose and 16.7 mM glucose for 

90 minutes resulted in stimulation indices ranging from 11.9 to 13.1. Studies by 

Rose et al. (2003) have shown stimulation indices of fresh human islets to be 

approximately 2.6 after incubation in 2.8 mM glucose and 20 mM glucose. 

Stimulation indices calculated by these researchers were based on insulin and 

not C-peptide secretion, regardless of whether or not their medium contained 

insulin. Based on these reported results, it is important to note that stimulation 

indices can vary based on many factors, such as culture protocol, glucose 

concentration, and cell line. However, in any case, stimulation indices greater 

than one indicate in vitro functionality. 

It has also been shown that encapsulated neonatal porcine pancreatic cell 

clusters had a stimulation index and maximum stimulation index of only 1.1 and 

2.7, respectively, after incubation for 12 hours in 2.8 mM glucose, 16.7 mM 

glucose, and 16.7 mM glucose + 10 mM theophylline (Omer et al., 2003). 

Korbutt et al. (1996) cultured neonatal porcine pancreatic cells for 9 days in petri 

dishes before subjecting cells to a static incubation of 2.8 mM glucose, 20 mM 

glucose, and 20 mM glucose + 10 mM theophylline. These cells showed a 

stimulation and maximum stimulation index of approximately 5.5 and 39.9, 

respectively. Stimulation indices here were also based on insulin secretion. 

These stimulation indices were used as the base case in comparing the 
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stimulation indices obtained for porcine islet-like aggregates produced in 

suspension bioreactors after 9 days. 

This chapter will discuss in vitro functionality tests performed on neonatal porcine 

pancreatic cells after 9 days of suspension culture to determine the whether (1) it 

is feasible to eventually use this tissue in a clinical setting, or (2) apply these 

protocols to human models and use this human tissue produced in a clinical 

setting. 

VII.3 E X P E R I M E N T A L R E S U L T S AND DISCUSSION 

VII.3.1 Aggregate Stimulat ion Index In Vitro 

The objective of this experiment was to determine whether neonatal porcine 

pancreatic cells cultured for 9 days in suspension bioreactors were capable of 

producing insulin/C-peptide in response to stimulated concentrations of glucose 

in the medium. 

For this experiment, fresh porcine pancreatic tissue (aggregates and single cells) 

was obtained from the SMRI at room temperature in 50 mL centrifuge tubes 

containing the Edmonton medium. These cells had been isolated using the 

procedure of Korbutt et al. (1996) from two porcine pancreases [K7/PN(1-3) and 

K8/PN(1-3)]. Cells from each cell line were inoculated into four 125 mL 

suspension bioreactors, for a total of eight 125 mL suspension bioreactors all 

containing PPRF-p1 , which resulted in an inoculation density of approximately 

225,000 cells/mL. Suspension bioreactors were then operated at 100 rpm in a 

37°C incubator containing 5% C O 2 . Cells were passaged every other day for 9 

days. It should be noted that Day 0 denotes the end of Day 0 and the beginning 

of Day 1, which is the beginning of the experiment (i.e. time of inoculation) and 

Day 9 denotes the end of the ninth day. These cell lines are characterized in 

Section VI.3.3. 
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Glucose Challenge Tests 

Cells were subjected to glucose challenge tests before inoculation (Day 0) and 

after 9 days of culture as described in the introduction of this chapter. A sample 

of total cells (aggregates + single cells) containing approximately 100 aggregates 

were cultured for 2 hours each in 3 different types of media, 2.8 mM glucose, 20 

mM glucose, 20 mM glucose + 10 mM theophylline, in an incubator at 37°C and 

5% C O 2 . This protocol is detailed in Section IV.6.9. The amount of porcine C-

peptide was measured through an RIA and the amount of porcine insulin was 

measured through an ELISA. However, results from the ELISA are not 

presented due to the possibility of insulin uptake in different porcine pancreatic 

cell lines and therefore its detection in the assay. Briefly, the ELISA showed 

stimulation indices to be greater than one, thus indicating cell functionality. 

However, this section will focus on the results obtained from the porcine C-

peptide RIA due to greater confidence in these results. 

Functionality Tests at Day 0 

Trial 1 was inoculated with cells from K7/PN(1-3) and Trial 2 was inoculated with 

cells from K8/PN(1-3) in Figures VII.1 to VII.5. Figure VII.1 shows the amount of 

C-peptide secreted by the cells in response to 2.8 mM glucose, 20 mM glucose, 

and 20 mM glucose + 10 mM theophylline. Although these cells did not secrete 

more C-peptide in response to 20 mM glucose when compared to 2.8 mM 

glucose, there is an increase in C-peptide secretion in response to 20 mM 

glucose + 10 mM theophylline (p<0.05 when comparing C-peptide concentration 

at 20 mM glucose + 10 mM theophylline vs. C-peptide concentration at 2.8 mM 

glucose). 

Stimulation and maximum stimulation indices are shown in Figure Vl1.2. 

Stimulation indices ranged from approximately 1.08 to 1.99, however maximum 

stimulation indices ranged from approximately 3.40 to 5.69. 
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Glucose - and Theophyl l ine-Stimulated C-Pept ide 
Secret ion from Neonatal Porc ine Pancreat ic 

Cel ls at Day O 

2.8 m M G lucose 20 m M G l u c o s e 20 m M G lucose 
+ 10 m M 

Theophyl l ine 

ITrial 1 • Trial 2 

Figure VII.1. Glucose- and theophylline-stimulated C-peptide secretion from Day 
0 neonatal porcine pancreatic cells after a 2-hour incubation in media containing 
2.8 mM glucose, 20 mM glucose, and 20 mM glucose + 10 mM theophylline. 
Trial 1 inoculated with 100 aggregates from K7/PN(1-3) and Trial 2 inoculated 
with 100 aggregates from K8/PN(1-3) into each medium type. Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (C-peptide 
concentration at 20 mM glucose + 10 mM theophylline vs. C-peptide 
concentration at 2.8 mM glucose for both trials). 
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Figure VII.2. Stimulation and maximum stimulation indices for Day 0 neonatal 
porcine pancreatic cells after a 2-hour incubation in media containing 2.8 mM 
glucose, 20 mM glucose, and 20 mM glucose + 10 mM theophylline. Trial 1 
inoculated with 100 aggregates from K7/PN(1-3) and Trial 2 inoculated with 100 
aggregates from K8/PN(1-3) into each medium type. 
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Figures VII.3, VII.4, and VII.5 show the glucose concentration in the medium at 

2.8 mM glucose, 20 mM glucose, and 20 mM glucose + 10 mM theophylline, 

respectively, before and after the 2-hour culture period. This was determined 

using the Nova Biomedical Bioprofile 100 Analyzer. These figures show that the 

glucose concentration decreases by the end of the culture period (p<0.05 when 

comparing glucose concentration in the medium before and after static 

incubation). This indicates that beta cells in the population are metabolizing 

glucose, which leads to the release of C-peptide (mechanism described in 

Section 11.1.2.1). However, part of the decrease in glucose concentration 

observed during the static incubation can be attributed to nutrient uptake by the 

total population of cells. 

Functionality Tests at Day 9 

Trials 1 and 2 were inoculated with cells from K7/PN(1-3) and Trials 3 and 4 were 

inoculated with cells from K8/PN(1-3) in Figure VII.6 to VII.12. The amount of C-

peptide secreted by the cells in response to 2.8 mM glucose and 20 mM glucose 

is shown in Figure VII.6. Figure VII.7 shows the amount of C-peptide secreted in 

response to 20 mM glucose + 10 mM theophylline. Results indicated that these 

cells were functional after 9 days of suspension culture as the amount of C-

peptide secreted in response to 20 mM glucose (p<0.05 for Trials 1-3) and 20 

mM glucose + 10 mM theophylline (p<0.05 for all trials) was higher in comparison 

to 2.8 mM glucose. However, it is noted that the amount of C-peptide secreted 

by these cells after 9 days of culture is lower than that secreted at Day 0 at 2.8 

mM glucose and 20 mM glucose. However, the amount of C-peptide secreted at 

20 mM glucose + 10 mM theophylline was comparable between the two days. 

This is likely due to the presence of theophylline. Stimulation indices and 

maximum stimulation indices after 9 days of culture are illustrated in Figures Vl1.8 

and VII.9, respectively. Stimulation indices at Day 9 ranged from approximately 

1.94 to 10.4 and maximum stimulation indices ranged from approximately 26.0 to 

94.8. 
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Medium G lucose Concentrat ion Change During 
a 2-hour Static Incubation of Day 0 Neonatal 
Porc ine Pancreat ic Ce l ls in Med ium Initially 

Containing 2.8 m M G lucose 
3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

T ime (hours) 
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Figure VII.3. Medium glucose concentration for Day 0 neonatal porcine 
pancreatic cells cultured for 2 hours at 37°C and 5% C O 2 in medium initially 
containing 2.8 mM glucose. Trial 1 inoculated with 100 aggregates from 
K7/PN(1-3) and Trial 2 inoculated with 100 aggregates from K8/PN(1-3). 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(Glucose concentration in medium after static incubation vs. glucose 
concentration in medium before static incubation for both trials). 
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Figure VII.4. Medium glucose concentration for Day 0 neonatal porcine 
pancreatic cells cultured for 2 hours at 37°C and 5% C O 2 in medium initially 
containing 20 mM glucose. Trial 1 inoculated with 100 aggregates from 
K7/PN(1-3) and Trial 2 inoculated with 100 aggregates from K8/PN(1-3). 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 
(Glucose concentration in medium after static incubation vs. glucose 
concentration in medium before static incubation for both trials). 
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Medium G lucose Concentrat ion C h a n g e During 
a 2-hour Static Incubation of Day 0 Neonatal 
Porc ine Pancreat ic Ce l ls in Med ium Initially 

Containing 20 m M Glucose+10 m M Theophyl l ine 
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• Trial 1 • Trial 2 

Figure VII.5. Medium glucose concentration for Day 0 neonatal porcine 
pancreatic cells cultured for 2 hours at 37°C and 5% C O 2 in medium initially 
containing 20 mM glucose + 10 mM theophylline. Trial 1 inoculated with 100 
aggregates from K7/PN(1-3) and Trial 2 inoculated with 100 aggregates from 
K8/PN(1-3). Statistical significance of difference calculated by unpaired t-test. * 
p<0.05 (Glucose concentration in medium after static incubation vs. glucose 
concentration in medium before static incubation for both trials). 
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Glucose-St imulated C-Pept ide Secret ion from 
Neonatal Porc ine Pancreat ic Ce l ls After 9 Days 
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Figure VII.6. Glucose-stimulated C-peptide secretion from Day 9 neonatal 
porcine pancreatic cells after a 2-hour incubation in media containing 2.8 mM 
glucose and 20 mM glucose. Neonatal porcine pancreatic cells previously 
cultured for 9 days in PPRF-p1 medium in 125 mL suspension bioreactors 
operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . Trials 1 
and 2 inoculated with 100 aggregates each from K7/PN(1-3) and Trials 3 and 4 
inoculated with 100 aggregates each from K8/PN(1-3) into each medium type. 
Statistical significance of difference calculated by unpaired t-test. * p<0.05 (C-
peptide concentration at 20 mM glucose vs. C-peptide concentration at 2.8 mM 
glucose for Trials 1-3). 
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Figure VII.7. Glucose- and theophylline-stimulated C-peptide secretion from Day 
9 neonatal porcine pancreatic cells after a 2-hour incubation in media containing 
20 mM glucose + 10 mM theophylline. Neonatal porcine pancreatic cells 
previously cultured for 9 days in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Trials 1 and 2 inoculated with 100 aggregates each from K7/PN(1-3) and Trials 3 
and 4 inoculated with 100 aggregates each from K8/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. p<0.05 for C-peptide 
concentration at 20 mM glucose + 10 mM theophylline vs. C-peptide 
concentration at 2.8 mM glucose for all trials. 
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Figure VII.8. Stimulation indices for Day 9 neonatal porcine pancreatic cells 
after a 2-hour incubation in media containing 2.8 mM glucose and 20 mM 
glucose. Neonatal porcine pancreatic cells previously cultured for 9 days in 
PPRF-p1 medium in 125 mL suspension bioreactors operated at 100 rpm in an 
incubator maintained at 37°C and 5% C O 2 . Trials 1 and 2 inoculated with 100 
aggregates each from K7/PN(1-3) and Trials 3 and 4 inoculated with 100 
aggregates each from K8/PN(1-3) into each medium type. 
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Figure VII.9. Maximum stimulation indices for Day 9 neonatal porcine pancreatic 
cells after a 2-hour incubation in media containing 2.8 mM glucose and 20 mM 
glucose + 10 mM theophylline. Neonatal porcine pancreatic cells previously 
cultured for 9 days in PPRF-p1 medium in 125 mL suspension bioreactors 
operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . Trials 1 
and 2 inoculated with 100 aggregates each from K7/PN(1-3) and Trials 3 and 4 
inoculated with 100 aggregates each from K8/PN(1-3) into each medium type. 



244 

Figures VII.10, VII.11, and VII.12 demonstrate the change in glucose 

concentration in the medium at 2.8 mM glucose, 20 mM glucose, and 20 mM 

glucose + 10 mM theophylline, respectively, during the 2-hour culture period. 

These figures also show that the glucose concentration decreases by the end of 

the culture period again indicating that the cells metabolized glucose. Statistical 

analysis for cells incubated in medium initially containing 2.8 mM glucose shows 

that p is less than 0.05 when compared to the glucose concentration after 

incubation for Trials 3 and 4. Statistical analysis for cells incubated in medium 

initially containing 20 mM glucose and 20 mM glucose + 10 mM theophylline 

show that p is less than 0.05 when compared to the glucose concentration after 

incubation for all trials. 

Summary of Results and Discussion 

After 9 days of suspension culture, cells were found to be functional with 

stimulation and maximum stimulation indices ranging from approximately 1.94 to 

10.4 and 26.0 to 94.8, respectively. Since these values were greater than one, 

these cells were classified as functional. However, it was found that the amount 

of C-peptide secreted by these cells in response to basal glucose after 9 days of 

culture is lower than that secreted at Day 0. On the other hand, the amount of C-

peptide secreted in the presence of theophylline was comparable between the 

two days. Therefore, stimulation and maximum stimulation indices found at Day 

9 were relatively higher than indices found at Day 0. This reduced C-peptide 

secretion at the basal glucose concentration may be due to reduced functionality 

resulting from culture, which has been reported with human islets in culture 

(Schmied et al., 2000b). 

It is difficult to compare the amount of C-peptide produced in this glucose 

challenge test to those reported in the literature due to the fact that the literature 

reports insulin secretion as opposed to C-peptide secretion. 
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Figure VII.10. Medium glucose concentration for Day 9 neonatal porcine 
pancreatic cells cultured for 2 hours at 37°C and 5% C O 2 in medium initially 
containing 2.8 mM glucose. Neonatal porcine pancreatic cells previously 
cultured for 9 days in PPRF-p1 medium in 125 mL suspension bioreactors 
operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . Trials 1 
and 2 inoculated with 100 aggregates each from K7/PN(1-3) and Trials 3 and 4 
inoculated with 100 aggregates each from K8/PN(1-3). Statistical significance of 
difference calculated by unpaired t-test. * p<0.05 (Glucose concentration in 
medium after static incubation vs. glucose concentration in medium before static 
incubation for Trials 3 and 4). 
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Figure Vl l .11. Medium glucose concentration for Day 9 neonatal porcine 
pancreatic cells cultured for 2 hours at 37°C and 5% C O 2 in medium initially 
containing 20 mM glucose. Neonatal porcine pancreatic cells previously cultured 
for 9 days in PPRF-p1 medium in 125 mL suspension bioreactors operated at 
100 rpm in an incubator maintained at 37°C and 5% C O 2 . Trials 1 and 2 
inoculated with 100 aggregates each from K7/PN(1-3) and Trials 3 and 4 
inoculated with 100 aggregates each from K8/PN(1-3). Statistical significance of 
difference calculated by unpaired t-test. * p<0.05 (Glucose concentration in 
medium after static incubation vs. glucose concentration in medium before static 
incubation for all trials). 

http://Vll.11
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Figure VII.12. Medium glucose concentration for Day 9 neonatal porcine 
pancreatic cells cultured for 2 hours at 37°C and 5% C O 2 in medium initially 
containing 20 mM glucose + 10 mM theophylline. Neonatal porcine pancreatic 
cells previously cultured for 9 days in PPRF-p1 medium in 125 mL suspension 
bioreactors operated at 100 rpm in an incubator maintained at 37°C and 5% C O 2 . 
Trials 1 and 2 inoculated with 100 aggregates each from K7/PN(1-3) and Trials 3 
and 4 inoculated with 100 aggregates each from K8/PN(1-3). Statistical 
significance of difference calculated by unpaired t-test. * p<0.05 (Glucose 
concentration in medium after static incubation vs. glucose concentration in 
medium before static incubation for all trials). 
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In comparing indices, stimulation and maximum indices obtained after a 9-day 

stationary culture period of neonatal porcine pancreatic cells are reported to be 

approximately 5.5 and 39.9, respectively (Korbutt et al., 1996). However, 

stimulation and maximum stimulation indices obtained in our study (Si = 1.94 -

10.4 and Maximum Sl = 26.0 - 94.8) are higher than these reported in. the 

literature. However, because the indices reported in the literature were based on 

insulin secretion as opposed to C-peptide secretion, it is difficult to do a direct 

comparison of tissue functionality. It is important to note that tissue with a high 

stimulation index (i.e. tissue that produces a higher than normal amount of 

insulin/C-peptide in response to stimulated conditions) can result in 

hypoglycemia upon transplantation into diabetic recipients. Since the indices of 

tissue produced in the bioreactors were high due to decreased basal C-peptide 

secretion as opposed to increased stimulated C-peptide secretion, it is likely that 

this tissue would not cause hypoglycemia. However, this can only be determined 

through in vivo studies. 

VII.4 C O N C L U S I O N S 

This chapter dealt with cell functionality after 9 days of suspension culture in 

PPRF-p1 medium. In vitro functionality studies showed that after 9 days of 

suspension culture, cells were functional as they were capable of producing C-

peptide in response to glucose and theophylline. Furthermore, glucose 

concentrations decreased during the static incubation, indicating the uptake of 

glucose from the medium leading to the release of C-peptide. Stimulation and 

maximum stimulation indices at Days 0 and 9 were found to be greater than one. 

However, the stimulation and maximum stimulation indices found at Day 9 were 

relatively higher than indices found at Day 0. This was due to decreased C-

peptide secretion at basal conditions at Day 9 with comparable C-peptide 

secretion at stimulated conditions between Days 0 and 9. 
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The final test of functionality involves in vivo tests to determine whether cells can 

secrete insulin in response to blood glucose levels. This is achieved through 

transplantations into animal models of diabetes. This is the next step in the path 

to clinical trials for this project. 
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CHAPTER VI 

CONCLUSIONS AND RECOMMENDATIONS 

VIII.1 C O N C L U S I O N S 

Pancreatic endocrine cells expanded in bioreactors may be a potential source of 

cells for transplantation into patients suffering from Type 1 diabetes. The 

objective of this study was to develop large-scale bioreactor protocols to expand 

mammalian pancreatic endocrine tissue. The first milestone on this path was the 

successful culture of these cells in suspension bioreactors, which was 

accomplished for the first time in this study. Several issues involving the 

suspension cultures of these cells were then investigated, which involved cell 

culture medium conditions and cell handling protocols. After optimizing these 

conditions, functionality studies were conducted. 

Three studies involving cell culture medium were examined. The first condition 

examined was the effect of media type on cell growth and composition. Results 

showed that PPRF-p1 , a new pancreatic medium developed at P P R F 1 sustained 

cell growth more effectively than the Edmonton medium (published) which is 

used at the SMRI, both in terms of total cell population and endocrine cell 

population. Cells cultured in PPRF-p1 medium were found to have twice the cell 

survival rates than cells cultured in the Edmonton medium. Furthermore, P P R F -

p1 yielded almost double the percent of endocrine cells and resulted in almost 13 

times more insulin-positive cells when compared to the Edmonton medium after 

9 days of suspension culture. This medium was then chosen for all further 
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studies in this thesis. The next factor tested was the effect of insulin. Cells 

cultured in PPRF-p1 containing insulin resulted in almost double the number of 

insulin-positive cells. 

The last cell culture medium condition tested was the effect of medium pH on cell 

growth and composition. Cells cultured in PPRF-p1 medium at a pH of 7.3 were 

found to have the greatest percentage of endocrine cells. Therefore, this pH was 

concluded favorable amongst the pH levels examined, as it was also capable of 

demonstrating increases in all endocrine cell types throughout the 9-day culture 

period. Lastly, nutrient kinetics for cells cultured in PPRF-p1 containing insulin at 

a pH of 7.3 showed adequate amounts of nutrients from the beginning to the end 

of the passage with the exception of isoleucine. It is recommended that the 

effect of isoleucine on cell growth and population composition be investigated. 

Two cell handling protocols were investigated. The first involved testing the 

effects that enzymatic and chemical dissociation had on pancreatic aggregates 

between passages. It was determined that in order for these cells to survive, 

existing as aggregates is essential. Results showed that cultures existing as 

aggregates had 3 times higher cell densities than cultures undergoing chemical 

and enzymatic aggregate dissociation. Furthermore, culturing the cells as 

aggregates yielded more than double the percent of endocrine cells. 

The second protocol involved testing the effects of cell inoculation density. Cells 

inoculated at 127,000 cells/mL (high-level) in PPRF-p1 medium were found to 

have greater than double the percent of endocrine cells when compared to a 

mid-level and low-level inoculation density. Furthermore, these populations 

demonstrated a greater than 7-fold increase in the number of insulin-positive 

cells by the end of 9 days of culture. The results obtained from a high-level cell 

inoculation density in PPRF-p1 in suspension culture were found to be 

comparable to the results reported by Korbutt et al. (1996) in stationary culture. 
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Cells were then cultured for an extended period of time in PPRF-p1 to determine 

the effects long-term culture had on cell growth and composition. Long-term cell 

culture resulted in a decrease in both cell densities and percent of cells present 

as aggregates in addition to cells appearing unhealthy. It was concluded that a 

culture time of 9 days was better in terms of total cell density and endocrine cell 

density when compared to a culture period of 30 and 60 days. Lastly, the 

percent of endocrine cells in the aggregate population was found to be higher 

than that in the single cell population. 

The final study examined porcine pancreatic cell functionality in vitro. This study 

showed that after 9 days of suspension culture, cells were functional as they 

were capable of producing C-peptide in response to glucose and theophylline. 

Moreover, glucose concentrations decreased during the static incubation, 

indicating the metabolism of glucose leading to the release of C-peptide. 

Furthermore, the stimulation and maximum stimulation indices found after 9 days 

of culture were relatively higher than indices found at isolation. However, after 

being cultured for 9 days, cells were not producing as much C-peptide at basal 

conditions in comparison to cells at isolation; although, they were producing 

comparable amounts of C-peptide in response to stimulated conditions. 

Lastly, donor-to-donor variability was noted among all 8 cell lines used in this 

study. This was found to affect both cell growth and population composition. 

VIII.2 R E C O M M E N D A T I O N S 

This study represents a major milestone on the road to clinical use of islet 

transplantation to treat Type 1 diabetes. The experiments conducted in this 

thesis have laid the foundation for further expansion studies of these cells. 

However, there are several recommendations made below that may aid this 

project in moving closer to clinical applications. 
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Firstly, experiments need to be planned such that donor-to-donor variability is no 

longer a factor in experimental outcomes. Furthermore, the existing pancreatic 

medium, PPRF-p1 , needs to be further optimized. Many factors affecting the 

pancreas in vivo need to be tested in suspension culture to further optimize cell 

growth. In addition to medium conditions, further bioreactor protocols, such as 

agitation rate and oxygen levels, need to be investigated. 

The method of obtaining cell counts at varying time points in the culture period 

must also be further developed. Although the Grid Cell Count Method was fairly 

accurate in determining cell densities, it required much time and effort to 

accomplish. Therefore, cell counts were obtained much later in the experiment 

and cell densities were not known as the experiment was taking place. This led 

to minimal control of inoculation densities upon receiving the cells as seen in 

Chapters V-VII. This was a major drawback to this method of obtaining cell 

counts. 

It is highly recommended that transplantation studies of these cells into animal 

models of diabetes be conducted. This will allow in vivo functionality to be 

assessed. 

One of the most difficult tasks of research in this area, but extremely necessary 

to do, is the identification of the elusive pancreatic stem cell. Identification of this 

cell would be a phenomenal milestone for this project. Once this cell is identified, 

protocols for expansion and differentiation need to be developed. 

Lastly, it would be extremely beneficial to conduct this study on human cells if 

xenotransplantation is not an option. The ultimate goal would be to transplant 

human endocrine cells produced in vitro into humans afflicted with Type 1 

diabetes. 
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