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Abstract 
 

Diabetes or diabetes mellitus which is the correct medical 

term is a medical condition were the affected person lack 

the ability to regulate his or her blood glucose levels. This 

inability is directly due to the fact that the insulin producing 

cells, residing in the pancreas, can’t meet the body’s 

demand for insulin. It is estimated that close to 200 million 

people are suffering from diabetes today and this number is 

predicted to double within 20 years. Of the approximately 

200 million people suffering from diabetes today 

approximately 20 million are in dependent on daily 

injections of insulin. Being dependent on exogenous insulin 

is not only an inconvenience it also increase the risk for 

several medical complications such as stroke, heart 

disorders, kidney failure, retinopathy, atherosclerosis and 

impaired wound healing. The major risk factor for all these 

complications is long periods of high blood sugar levels 

that is damaging to thin blood vessels and nerves.  Even in 

the best of situations the blood sugar levels of a diabetic 

with need for daily insulin injections can never be as well 

controlled as in a healthy individual. 

Increased understanding in the developmental processes 

behind the formation of the pancreas, and more specifically 

the insulin producing β-cells could result in new treatments 

for diabetics. By imitating the in vivo conditions generating 



pancreatic development scientist are now able to induce 

embryonic stem cells to differentiate into pancreatic 

progenitors as well as insulin producing β-cells in vitro. 

These in vitro generated pancreatic cells might in the future 

serve as a donor source for transplantations, thereby 

restoring the insulin producing capability of diabetic 

patients. An alternative approach to restore insulin 

production in diabetics is to influence cells in the pancreas 

to generate more insulin producing cells. To successfully 

achieve this, what cell types have the capacity to generate 

β-cells needs to be appreciated.  

In this thesis papers concerning in vitro differentiating of 

embryonic stem cells towards a pancreatic fate as well as in 

vivo studies in basic pancreas development are presented 

and discussed.  
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Introduction 
The human body consists of about 100 billion cells. Many 

of these cells are organized into the approximately 25 

organs that we have in our bodies. Most of these organs are 

crucial for the body function and a small defect in many of 

them leads to sever medical syndromes or even death. To 

generate this large number of cells and organizing them 

correctly is a very complex task that starts with the 

fertilization of a single cell. From this single cell, called 

zygote, hundreds of different cell types need to be 

generated at the proper locations and at the correct time 

points. This is achieved by the use of different signaling 

molecules that work together to control and guide the cells 

to there appropriate fates and positions. In the field of 

developmental biology deciphering these signals is one of 

the bigger challenges. Most of the signaling molecules have 

been developed over a long period and have been fine 

tuned to work together or to oppose each other. In fact our 

knowledge about these signaling molecules and their 

cascades in humans stem mainly from studies made in fruit 

flies (Drosophila melanogaster) and worms 

(Caenorhabditis elegans). Without the use of animal 

models, such as fruit fly, worms, zebrafish, chicken and 

mouse, our understanding of the developmental processes 

would be substantially impaired. The strive to understand 

the signals guiding development is not just to feed our 



curiosity. Many of these signals also play important roles 

later in life both in normal processes as well as in the 

development of diseases such as cancer and ?(bra 

exempel). Another area that greatly have benefited from the 

greater understanding of development is in vitro 

differentiation of embryonic stem cells. Based on 

developmental biology studies various protocols aiming at 

the in vitro generation of specific cell types affected in 

certain medical conditions is being developed. The 

development of such protocols may allow new treatments 

where the defective cells can be replaced with healthy cells 

generated in laboratories. The types of disorders where this 

approach could be beneficial are many with parkinson, 

diabetes, cirrhosis and myocardial infarctions as a few 

examples. The focus of this thesis is the development of the 

pancreas and its associated disease diabetes. 

 



Pancreas 
 

The pancreas is a glandular organ of endodermal origin 

located below the stomach, in close proximity to the 

duodenum. It can be divided into an exocrine and an 

endocrine part. The exocrine fraction is the dominating part 

of the organ making up approximately 98% of the total 

pancreatic mass. The exocrine pancreas consists of acinar- 

and ductal cells. The acinar cells produce digestive 

enzymes that are secreted via the ducts and transported to 

the duodenum to help with breakdown of food into 

nutrients. The endocrine part of the pancreas is dispersed 

within the exocrine and organized in highly vascularised 

structures called islet of Langerhans. These islets consists 

of five different cell types; α-cells that produce glucagon, 

β-cells producing insulin, γ-cells producing somatostatin, ε-

cells producing ghrelin and PP-cells producing pancreatic 

polypeptide. The endocrine hormones are secreted into the 

blood where they regulate metabolism in particular by 

controlling the blood glucose levels. To enable the fast 

response needed to keep this balance following meal intake 

the endocrine cells have pools of premade hormones stored 

in vesicles. The pancreatic hormones can act at distant 

target tissues or by giving feedback signals to the other 

endocrine cells as well as the exocrine cells. 



 

 

 

 

 

 

 

When blood glucose levels increase, after a meal, insulin is 

secreted. This result in an uptake of glucose from the blood 

into cells that use the glucose as energy to be able to 

perform their tasks. If energy isn’t needed, glucose can be 

stored in the liver and muscles as glycogen or as 

triglycerides in fat tissue, to act as an energy reserves. 

When the blood glucose has reached normal levels the 

secretion of insulin is stopped. If the need for energy is 

higher than the available glucose can supply, glucagon is 

secreted. To increase blood glucose levels glucagon impairs 

insulin secretion, and also enables the stored energy to be 

converted back to glucose. Somatostatin and ghrelin also 

contributes to this homeostasis. Somatostatin inhibits 

release of insulin, glucagon and other, non pancreatic 

hormones involved in nutrient uptake. Ghrelin have been 

shown to decrease insulin secretion and to act as a hunger 

signal. Pancreatic polypeptide have to date not been shown 

to influence any of the other pancreatic hormones. Its role 



is to regulate the secretion of enzymes from the exocrine 

part of the pancreas and the secretion of bile. 

 

Diabetes 

 

Diabetes or diabetes mellitus which is the correct medical 

term is a medical condition were the affected person lack 

the ability to regulate his or her blood glucose levels. The 

disease is typically divided into two groups, type 1 (T1D) 

and type 2 (T2D) where T2D is the more common 

contributing to about 90% of the cases. Both T1D and T2D 

are polygenic diseases, meaning that the disorder can be 

caused by several different genes together with 

enviormental factors. It is estimated that close to 200 

million people are suffering from diabetes today and this 

number is predicted to double within 20 years. This large 

increase in T2D is due to it’s the strong correlation to 

obesity, that due to “unhealthy” lifestyle with physical 

inactivity and over eating is increasing rapidly. 

 

In T1D the body looses the ability to produce insulin all 

together due to autoimmune attack where the insulin 

producing β-cells are destroyed by the body’s own immune 

defense. With no way to utilize or control the glucose in the 



blood the cells in the body will starve and the blood 

glucose level will reach harmful levels. If left untreated the 

patient will show several different symptoms. The earliest 

symptoms, usually developed within weeks, are increased 

urination (polyuria), excessive thirst (polydipsa) and in 

some cases ketoacidosis. The reason for ketoacidosis is the 

build up of acidic waste products called ketone bodies 

created when the body utilizes fatty acids as energy source. 

This is a sever condition that can lead to coma and finally 

death. If a person with untreated T1D doesn’t succumb to 

ketoacidosis or dehydration he or she will suffer from sever 

weight loss and damage to nerves, blood vessels, eyes and 

kidneys. With the discovery of insulin by Banting, Best, 

Collip and MacLeod in 1921 type 1 diabetes can now be 

treated with injections of exogenous insulin.  

 

In T2D there is no autoimmunity and β-cells are intact, still 

having the capability to produce insulin, but not enough to 

meet the body’s need. This is usually due to a decreased 

sensitivity to the endogenous insulin leading to increased 

demand of insulin production and secretion. Patients with 

T2D usually don’t need daily injections of insulin, exercise 

and dietary changes are often enough. The mechanisms 

behind this reduced sensitivity to insulin are not fully 

understood, but there is no doubt that obesity is the major 



risk factor behind this disease. If not treated the rat race of 

increased demand for insulin can lead to β-cell failure and 

even β-cell death resulting in need for exogenous insulin 

treatment.  

 

Maturity onset diabetes of the young (MODY) is a form of 

diabetes that doesn’t fit well in T1D nor T2D. MODY is an 

autosomaly dominant monogenic disorder where a defect in 

one specific gene controlling key aspects in β-cell function 

leads to inability to regulate blood glucose homeostasis. 

This leads to a slow progressing form of diabetes without 

autoimmunity. There are six identified MODY-genes today 

including both genes coding for transcription factors and 

enzymes. The first gene to be identified as a MODY gene 

was HNF4α subsequently named MODY1. There are two 

other HNF-genes identified as MODY genes, HNF1α 

(MODY3) and HNF1β (MODY5). MODY3 is the second 

most common form of MODY causing approximately 25% 

of all MODY cases. The most common is of MODY2, 

causing more than half of all MODY cases is due to a 

defect in the gene GCK coding for the enzyme glucokinase. 

Non functioning IPF1 results in MODY4 that usually gives 

a mild form of diabetes with few complications. There is 

however reports of a case where a complete deletion of 

IPF1 resulted in a total apancreatic phenotype (Stoffers et 



al., 1997). The latest and most uncommon form of MODY 

to be identified is MODY6 being caused by defects in the 

gene NeuroD/Beta2.  

 

A historical perspective on developmental 
biology 

 

Studying different species of animals and comparing their 

embryonic development is not a modern idea. As early as 

the fourth century B.C. Aristotle did 

comparative studies of embryos 

concluding three different ways of embryo 

development. Oviparity, where 

development takes place outside the 

mother in an egg, used by birds, frogs and most 

invertebrates. Viviparity, were the embryo is developed 

inside the mother, the case in placental mammals. The third 

variant called ovoviviparity is as the name implies a 

combination of the two earlier were the egg is stored and 

hatched inside the mother, the case in some snakes and 

sharks.  

After Aristotle’s studies it took some two thousand years 

before any significant new knowledge were achieved in the 

field. William Harvey showed in his ‘On the Generation of 

Living Creatures’ from 1651 that all animals originate from 



eggs. This put an end to the beliefs that animals could be 

generated from mud and excrement. Before this discovery 

it was believed that it was the menstrual fluid that acted as 

the material for the human embryo with the sperm giving 

the embryo its form.  

During the later half of the seventeenth century the 

microscope was starting to be used in studies of developing 

embryos. The famous Italian scientist 

Marcello Malpighi used a microscope in his 

publication on studies of chick embryos in 

1672. In this paper Malpighi describes 

somites, the neural groove and network of 

blood vessels between the yolk and the 

embryo. The complex structures of the early embryo also 

lead Malpighi to conclude that all organs present in the 

adult body was already present in the embryo, actually even 

in the egg or sperm, in miniature versions just waiting to be 

unfolded. This theory called ‘preformation’ was apposed 

the by Aristotle’s formed theory, ‘epigenesis’, stating that 

the complex structures in the embryo are formed as 

development proceeds. The view of ‘preformation’ had 

been the prevalent theory long before Malpighi; his 

observations merely reinforced this belief. Some believers 

of ‘preformation’ even stated that they could see miniature 

humans in sperm. According to this theory all humans that 



ever were to be born was already present in a miniature 

state. Inside the very small humans, residing in sperm, there 

were smaller humans residing in sperm and so on 

to infinity. Without any lower limit on the size of 

these preformed organisms the preformist Charles 

Bonnet simply stated, “Nature works as small as it 

wishes”. There were some who opposed the 

‘preformists’, one of the more successful was 

Kaspar Friedrich Wolff. He observed in his 

studies that parts of the chicken embryo were developed 

from tissues that didn’t have any counterparts in the adult 

bird. Even though Wolff took this as a proof that the 

preformation theory was wrong he also created a problem. 

If an organism isn’t already premade, each new generation 

needs to be created somehow. To solve this problem Wolff 

proposed an unknown force that he named vis essentialis 

that would organize the developing embryo. This 

organizing force was later suggested, by Immanuel Kant 

and Johann Friedrich Blumenbach, to be inherited via the 

germ cells, thus enabling it to be passed on to following 

generations. This force, now renamed to Bildungstreib, was 

also capable to change, enabling observed variations in 

offspring to be explained. Due to technical advances, such 

as improved microscopes and staining methods and not the 

least new institutional reforms in the German universities, 



preformationism was finaly proven wrong in the 1820’s. 

These reforms made the Universities more open and 

allowed students to continue the work started by there 

teachers. This was made use of by the trio, Christian 

Pander, Karl Ernst von Baer and Heinrich Rathke. Some of 

there discoveries include the three germ layers, ectoderm, 

mesoderm and endoderm. Pander also observed that the 

germ layers didn’t form there respective organs 

independently, they influenced each other. Even though 

Pander only spent little more than a year studying chick 

embryos, before becoming a paleontologist, he also 

managed to publish a book with detailed drawing of 

embryos where regions of the developing brain, not named 

until much later, are distinguishable. Rathke spent 40 years 

doing comparative studies of embryos of 

many species from fish to mammals, 

showing many similarities during there 

development. He also was the first to 

describe the pharyngeal arches, structures 

that become gills in fish but become jaws 

and ears in mammals. Panders studies were continued and 

expanded by von Baer that discovered the notochord and he 

also discovered the mammalian egg. This had been 

postulated some two hundred years earlier by William 

Harvey and its existence was established, but von Baer was 



the first to see it. He also formulated a four point 

generalization about the similarities of embryo 

development between different species, now called von 

Baer’s laws. These not only had a great impact in the field 

of embryology but also influenced Charles Darwin and his 

On the Origin of Species. At the end of the 19th century it 

was recognized that the cell was the 

building block in the developing embryo. 

So the next field of study for 

embryologist was to follow certain groups 

of cells or even individual cells to see 

what structures they contributed to. When 

combining results from studies like this, 

fate maps could be constructed. The first fate maps were on 

animals with few cells and transparent embryos, for 

example Edwin G. Conklins study from 1905 on the sea 

squirt Styela partita. With the development of new staining 

techniques, fate maps of more advanced animals where 

made possible. By placing dried chips of dye on different 

parts of frog embryos, Walter Vogt could in 1929 follow 

how cells moved during development. This kind of dye was 

diluted over time and faded for each cell division. When 

cells were radioactively labeled the fading was reduced, but 

this method required that a part of a labeled embryo was 

grafted to a non labeled embryo. This grafting method was 



utilized by Nicole Marthe Le Douarin in 1969 when she 

grafted parts of quail embryos to chick embryos. Since the 

cells from the quail are easily distinguishable from the 

chick cells via there dark nuclei, this method resulted in 

detailed fate maps over chick brain and skeletal systems. In 

the last 40 years new staining techniques have emerged that 

have made construction of fate maps easier and more 

reliable. The most important probably being the discovery 

of Green Fluorescent Protein (GFP). A fluorescent protein 

isolated form the jellyfish Aequorea victoria by Osamu 

Shimomura in 1962 and later improved by Martin Chalfie 

and R.Y Tsien. When GFP was combined with another 

great invention, the generation of transgenic mice (1980) 

scientist has a powerful tool to study development in new 

ways. 

 

 

Early development of the mammalian embryo 

 

Studies of mammalian embryos have always been harder 

than studies on the chick and frog counterpart. This is 

mainly due to four facts; mammalian zygotes are very 

small, their development is slow, they are produced in low 

numbers and are hard to access being developed in utero. 

The largest differences compared to oviparous animals are 



the exchange of nutrients and oxygen to the embryo from 

the mother. This has resulted in requirements for new 

structures in both the embryo and the reproductive organs 

of the mother. Apart from these large differences the 

development from gastrulation and onwards is very much 

conserved from bird and amphibians.    

 

The mammalian egg, called oocyte, is released from the 

ovary into the oviduct were it is fertilized. While being 

transported through the oviduct the zygote divides, 

doubling its cell number, approximately 

every 12-24 hours. After reaching the 

eight cell stage a process called 

compaction occurs where the cells 

huddles together forming a more solid 

structure. With the next division a small 

portion of the cells will be surrounded by the other cells, 

this structure is called morula. In the following divisions 

this polarization continues and at the 64-cell stage the cells 

on the inside of the morula have formed what is called 

inner cell mass (ICM) consisting of approximately 13 cells. 

The ICM will give rise to the embryo and all its derivates 

while the remaining cells will become the trophoblasts 

giving rise to the chorion, the embryonic part of the 

placenta. As the cells continue to divide a cavity called 



blasocoel forms and the embryo is at this stage called a 

blastocyst. At this stage the blastocyst has exited the 

oviduct to be implanted in the uterus. At first the blastocyst 

adheres loosely to the uterine wall to later invade and 

finally becoming fully embedded in the uterus. 

Implantation occurs after about 4 days in mouse and 7 to 13 

days in humans, counting from the time of fertilization. 

Apart from being important in the adherence and invasion 

the trophoblasts now starts to form the chorion, that in turn 

induces the maternal part of the placenta to be formed. 

 

After implantation the ICM segregates and forms the 

hypoblast and epiblast. The hypoblast 

gives rise to extra embryonic endoderm 

that lines the blastocoel and later forms 

the yolk sac while the epiblast is thought 

to give rise to the entire embryo. In animals were the 

developing embryo is situated on top of the yolk, for 

example chick and frog, the epiblast will form as a flat disc. 

In the case of mouse development there is no such surface 

for the epiblast to grow on, resulting in a cup shaped 

cylindrical epiblast. This form is however not present in all 

other mammals, it is rather specific for rodents. Most other 

eutherians, including humans, form an epiblast with a more 

planar morphology. This fact aside the majority of studies 



of mammalian development have been performed in mice 

for practical reasons. And apart from morphological 

differences the processes and signaling factors involved in 

mammalian development are very similar if not identical.  

 

Before the start of gastrulation the cells in the epiblast 

increase there rate of proliferation and adopt an epithelial 

morphology. At this stage the epiblast forms a two- layered 

epithelial structure with the hypoblast containing small 

gaps that forms the proamniotic cavity. Gastrulation starts 

with the formation of a structure called the primitive streak, 

this takes place at about 6 days after fertilization in mouse 

and after approximately 14 days in humans. The primitive 

streak forms in the posterior region of the embryo by 

epiblast cells that loose there polarized morphology, 

thereby forming a line of less organized mesenchyme. 

Another important structure formed at the same time as the 

primitive streak is the node. The node forms as a knot like 

structure anterior to the primitive streak and as the node 

travels anteriorly the 

primitive streak follows. 

Cells from the epiblast 

can now move though 

these two structures 

giving rise to endoderm and mesoderm. The endoderm 



forming cells will push away and replace the hypoblast 

cells, hereby forming an endodermal layer underneath the 

epiblast. Cells becoming mesoderm will pass through the 

primitive streak and be situated in between the epiblast and 

the endoderm layers. The remaining cells of the epiblast not 

passing through the node or primitive streak form the 

ectoderm. Consequently this process results in the 

formation of the three germ layers. With the anterior 

movement of the node and the primitive streak the embryo 

body plan is fine tuned. It is however not necessarily so that 

the first cells passing through the primitive streak will give 

rise to posterior tissues. Within the mesoderm layer the 

cells giving rise to cranial and heart tissues are formed in 

the most posterior part of the embryo and are moved to 

there anterior location. There are in fact large cellular 

movements in the entire embryo during gastrulation, 

generating the embryos final body plan. In mouse 

gastrulation takes approximately 36 hours and humans it 

takes about 7 days, after this the embryo has generated 

everything needed to start the formation of organs. 

 

Generating the complex embryo is a task that requires an 

intricate array of signals working together. To summarize 

all is a task that not will be undertaken in this thesis. 

However since the focus of this thesis is the specification 



and the development of the pancreas, some of the important 

signals directly involved endoderm formation will be 

discussed. The genetic studies that have contributed to our 

knowledge of signaling pathways and their interactions in 

the development of endodermal organs including the 

pancreas are mostly done in mice. Therefore the following 

descriptions will be from mouse development. 

 

Nodal 

The TGF-β signal Nodal was identified in mouse 15 years 

ago (Zhou et al., 1993) and have been shown to have 

homologues in all vertebrates. It is produced in an inactive 

form needing processing to become active. The activated 

Nodal can then form homodimers that bind to the Activin 

receptors that in turn phosphorylate Smad2 and thereby 

regulate gene expression. This system is fine tuned by a 

number of inhibitors and coactivators. 

 



Apart from its role as the major inducer of mesendoderm, a 

common precursor for both meso and endoderm, it has also 

been recognized as crucial in establishing left-right 

asymmetry. Nodal expression starts in the epiblast 5 days 

after fertilization were the expression is maintained and 

increased via autoregulation. From the epiblast the 

expression is spread to the visceral endoderm, cells forming 

a structure that acts as an instructive center but not directly 

contributing to the embryo. Nodal expression is later 

restricted to the proximal and posterior part of the epiblast 

were the primitive streak will form. With the formation of 

the node and primitive streak Nodal expression is restricted 

to the node. There is evidence that Nodal signaling works 

in a concentration dependent manner, were higher Nodal 

concentration is needed to generate anterior endoderm 

while lower levels lead to posterior mesoderm. Mice 

genetically modified to lack the gene coding for Nodal will 

not form the node and die shortly after gastrulation. 

 

Wnt 

Wnts are a large family of secreted proteins that regulates 

many different aspects of both cell growth and 

differentiation. Signaling is mediated via receptors called 

frizzled that are members of the G-protein coupled receptor 

superfamily. Wnt signaling is divided into two major 



pathways, a canonical and a non-canonical. In the canonical 

pathway the stabilization of a protein called β-catenin leads 

to its translocation into the nucleus were it affects the 

expression of target genes. The two non-canonical 

pathways are independent of β-catenin and doesn’t act by 

inducing changes in gene expression. The Wnt-PCP 

pathway changes cells polarity and the Wnt-calcium 

pathway acts via calcium signaling. Wnt signaling includes 

both co-activators as well as repressors and there is 

evidence that non-canonical signaling can act in an 

antagonistic manner on the canonical pathway. 

 
During gastrulation Wnt3 is expressed in the node and in 

the primitive streak. Gene targeting studies have shown that 

Wnt3 signaling is necessary for formation of the embryos 

anterior posterior axis. Wnt3 have also been shown to be 

involved in modifying Nodal signaling, indirect via the co-



activator Cripto and possibly also more directly via 

interactions between β-catenin and Nodal. Canonical Wnt3 

signaling has furthermore been implied to regulate 

Brachyury, a transcription factor belonging to the T-box 

gene family. Brachyury is also expressed in the node and 

the primitive streak during gastrulation and loss of 

expression leads to migration defects locking cells in the 

primitive streak. 

 

 

 

Pancreas development in mouse 

 

Early development and specification 

 

The pancreatic program is started at two different locations 

of the endoderm at embryonic day 8,5 (e8,5). At this early 

stage of organogenesis the endoderm have not yet formed 

into a tubular structure. The mouse embryo also still retains 

the ‘inside out’ position generated during earlier steps of 

development.  

The region that gives rise to what later will become the 

ventral pancreas is located close to the distal tip of the 

endoderm below the developing heart. This cardiac 

mesoderm produce FGF 1,2 and 4 as well as BMP4 that 



have been shown to inhibit pancreas and promote liver 

formation (Deutsch et al., 2001; Jung et al., 1999). A recent 

publication suggests however that BMP4 is required during 

a narrow time window, i.e. the 5-6 somite stage, to promote 

ventral pancreas formation (Wandzioch and Zaret, 2009).   

The part of the endoderm that develops into the dorsal 

pancreas is located at the same level as the most anterior of 

the 8 to 10 somites present at this stage. This endoderm is 

in close proximity with the notochord and signals from this 

structure, Activin β and FGF2 (Hebrok et al., 1998; Kim et 

al., 1997) influence the forming dorsal pancreatic bud. At 

this stage expression of Ipf1/Pdx1 and Ptf1a/p48 can be 

detected in both ventral and dorsal pancreatic buds. Genetic 

analyses have shown that both Pdx1/Ipf1 and Ptf1a/p48 are 

crucial for pancreas development (Ahlgren et al., 1996; 

Jonsson et al., 1994; Krapp et al., 1998; Offield et al., 

1996) and mice mutant for these genes fail to form a 

pancreas. The pancreatic anlagen still forms in both 

Ipf1/Pdx1 and Ptf1a/p48 mutant mice indicating that the 

function of these genes is required after the specification 

and induction the pancreatic anlagen (Ahlgren et al., 1996; 

Jonsson et al., 1994; Krapp et al., 1998; Offield et al., 

1996). Another gene expressed in both ventral and dorsal 

pancreatic epithelium at e8,5 is the gene Hlxb9, encoding 

for the  homeodomain protein Hb9. Mice mutant for Hlxb9 



fail to form a dorsal pancreas whereas the ventral pancreas 

is largely unaffected (Li et al., 1999; Harrison et al., 1999). 

Another important component of the early specification of 

the pancreatic program involves the exclusion of 

expression of the hedgehog (hh) genes Sonic hedgehog 

(Shh) and Indian hedgehog (Ihh), in the regions of the gut 

endoderm from which the pancreas forms. If ectopically 

expressed in the developing pancreatic epithelium Shh will 

promote an intestinal fate on the expense of pancreas 

development (Apelqvist et al., 1997). The signals involved 

in excluding expression of Shh and Ihh from the 

presumptive pancreatic region are not fully understood, but 

signals from the notochord have been suggested to play an 

important role (Hebrok et al., 1998; Kim et al., 1997; Kim 

and Melton, 1998). Other mesoderm derived structures that 

have been show to be involved in pancreas development 

are lateral plate mesoderm and endothelial cells. In vitro 

studies on chick suggest that lateral plate mesoderm ensure 

expression of the early pancreatic genes Ipf1/Pdx1, 

p48/Ptf1a and Nkx6.1 (Kumar et al., 2003). Endothelial 

cells have also been shown to influence pancreatic 

development by influencing Ipf1/Pdx1 and p48/Ptf1a 

expression (Lammert et al., 2001; Yoshitomi and Zaret, 

2004). 

 



Progenitor cell proliferation 

 

All differentiated cell types of the adult pancreas stem from 

the progenitor cell that make up the pancreatic buds. The 

expansion and differentiation needed to accomplish the 

generatation of differentiated cell types from pancreatic 

progenitors is largely dependent on extrinsic cues. This 

need for external signals was recognized already in the 

1960s where experiments showed that the developing 

pancreas was dependent on mesenchyme to grow and 

differentiate (Golosow and Grobstein, 1963). The signals 

secreted from the mesenchyme was at this time unknown, 

but the data accumulated over the last 40 years suggest 

members belonging to the epidermal and 

fibroblast growth factor families (EGF and 

FGF) being responsible for pancreatic 

growth and morphogenesis. Disturbed EGF 

signaling in mice have shown to result in an 

underdeveloped pancreatic epithelium with 

defects in β-cell development and migration 

(Miettinen et al., 2000). EGFs have also 

been shown to stimulate growth of 

pancreatic epithelium in in vitro cultures 

(Cras-Meneur et al., 2001). Members 

belonging to the FGF family have been 



shown to stimulate cell growth during development of 

different organs that depend on interactions between 

mesenchymal and epithelial cells, including pancreas (Kato 

and Sekine, 1999; Szebenyi 1999). It has also been shown 

in several independent studies that FGF signaling not only 

is crucial for pancreatic development but also for the 

function of the insulin producing β-cells (Bhushan et al., 

2001; Celli et al., 1998; Hart et al., 2000; Hart et al., 2003; 

Le Bras et al., 1998; Miralles et al., 1999; Ohuchi et al., 

2000; Ye et al., 2005). In these studies it was shown that 

attenuation of signaling via FGFR2b, either via the receptor 

itself or by disturbing one of its ligands FGF10, resulted in 

an underdeveloped pancreas (Bhushan et al., 2001; Miralles 

et al., 1999; Ohuchi et al., 2000).  In contrast, mice 

genetically modified to express FGF10 in the pancreatic 

epithelium throughout development an increased growth on 

the expense of differentiation were observed (Hart et al., 

2003; Norgaard et al., 2003). Numerous studies have 

showed that Wnt signaling is important for mesenchymal-

epithelial interactions and proliferation in many different 

systems. Perturbations in Wnt signaling during pancreas 

development results in growth defects of the exocrine part 

whereas the exocrine cells seem to be largely unaffected 

(Dessimoz et al., 2005; Murtaugh et al., 2005; 

Papadopoulou and Edlund, 2005). 



Differentiation and commitment 

 

In the seemingly homogenous pool of pancreatic 

progenitors lateral inhibition, mediated by the Notch 

signaling pathway, induce the segregation into two distinct 

subpopulations. Both Notch receptors and its ligands, Delta 

and Serrate, are membrane bound. Upon ligand binding an 

intracellular part of the receptor is released and translocated 

into the nucleus 

where it interacts 

with the co-

activator RBP-J-κ to 

activates the 

expression of bHLH 

repressor genes such as the Hairy/Enhancer of Split (Hes) 

genes. In cells expressing Hes the bHLH gene Neurogenin 

3 (Ngn3) will be repressed resulting in a sustained 

pancreatic progenitor state while cells where Ngn3 

expression is permitted will differentiate into endocrine 

progenitors (Edlund, 1999 and 2001). Numerous 

independent studies have show that perturbed Notch 

signaling, via the receptor itself, its ligands, intracellular 

mediators or directly via Hes or Ngn3 results in perturbed 

pancreas development (Apelqvist et al., 1999; Gradwhol et 

al., 2000; Jensen et al., 2000). Taken together, these studies 



show that ectopic expression of Ngn3 results in premature 

endocrine differentiation at the expense of pancreatic cell 

proliferation (Apelqvist et al., 1999; Jensen et al., 2000). In 

contrast, loss of Ngn3 expression impairs pancreatic 

endocrine cell differentiation (Gradwohl et al., 2000). 

A number of transcription factors have been show to play 

important roles during differentiation of pancreatic 

endocrine cells. Two members of the NK-related 

homeobox family, Nkx2.2 and Nkx6.1 seem to act in a 

sequential manner to assure β-cell function. In mice mutant 

for these genes the specification of β-cells are specified but 

fail to terminally differentiate (Sander et al., 2000; Sussel et 

al., 1998).  Unlike Nkx6.1, Nkx2.2 is not only expressed in 

the β-cells and mice mutant for Nkx2.2 also show 

perturbations in the differentiation of α- and PP-cells. 

Another transcription factor that has been show to play an 

important role in pancreas differentiation is Pax4. It has 

been suggested that Pax4 is needed for the specification of 

both β-and δ-cells and in mice lacking a functional Pax4 

gene, neither of these cell types are generated (Sosa-Pineda 

et al., 1997). Pax6 is expressed in all differentiated 

pancreatic endocrine cells. Similarly the Isl1 and NeuroD 

genes are also expressed in differentiated cells, and 

deletions of any of these genes will result in mice with 

perturbed pancreatic endocrine cell differentiation (Ahlgren 



et al., 1997; Naya et al., 1997; Sander et al., 1997; St-Onge 

et al., 1997). 

 

Β-cell function 

 

The signal for insulin release from the β-cells is mediated 

by uptake of glucose via the low affinity glucose 

transporter type 2 (GLUT2). The imported glucose is 

thereafter phosphorylated 

by the enzyme 

glucokinase and subjected 

to the oxidative 

metabolism. This results 

in an increase of the 

ATP/ADP ratio within 

the β-cell that in turn 

closes the ATP sensitive potassium channels leading to a 

depolarization of the membrane. This depolarization 

induces the opening of voltage gated calcium cannels in the 

membrane resulting in an influx of calcium ions into the β-

cell. This calcium influx is the final signal in the cascade 

resulting in release of insulin (Easom 2000). Many more 

genes than the above mentioned are involved in this 

regulatory cascade and perturbations in these is likely to 

affect glucose stimulated insulin release.  



All genes defined as MODY genes, see summary at 

page14, affect β-cell function in mice as well as in humans. 

One of the MODY genes is Ipf1/Pdx1 (MODY4) 

demonstrating a dual role being required both for early 

pancreas development and for the proper function of insulin 

secreting β-cells in both mice and men (Ahlgren et al., 

1998; Jonsson et al., 1994; Offield et al., 1996). 

FGF-signaling also has been shown to have a dual role for 

pancreas development as well as β-cell function and mice 

in where signaling via the FGFR1c has been impaired 

develop diabetes. This phenotype result in part from 

impaired glucose sensing, due to loss of GLUT2, and a 

decreased capacity to convert proinsulin to insulin due to 

loss of prohormone convertase 1/3, the enzyme mediating 

this conversion (Hart et al., 2003). 

 

 

 

Human pancreatic development 
 
The human pancreas starts to develop, approximately by 

day 20, as two buds protruding from the ventral and the 

dorsal side of the primitive gut. Over the next two weeks 

the buds grow and via the rotation of the stomach and 

duodenum both pancreatic buds are placed adjacent to each 



other (Jongmin et al., 2009; Slack 1995). By week six after 

conception (w6) the pancreatic buds have fused together, 

forming one distinct organ (Polak et al., 2000). The first 

detectable endocrine cell is observable at w8 as a few 

scattered insulin positive cells. By w9 cells expressing 

glucagon are detectable, and a few cell double positive for 

both insulin and glucagon can also be observed. 

Somatostatin positive cells can be detected at w10 and from 

that stage up until w17 the somatostatin and glucagon 

positive cells forms an intermingled sheath, surrounding a 

core of clustered insulin positive cells (Jongmin et al., 

2009). These organised structures are replaced with cell 

aggregates where the individual endocrine cell types are 

clustered together forming homotypic cell aggregates. In 

adult humans the endocrine cells forms similar cell clusters, 

islets of Langerhans, as seen in mice albeit differently 

organised. Thus the final form of human islets appears to 

form after the 21st developmental week where only 

homotypic cell aggregates can be observed (Jongmin et al., 

2009).  

When comparing different studies of human pancreatic 

development some contradicting data can be observed. This 

is understandable with the system studied being non-

standardised and some of the parameters, easily controlled 

in studies involving mice, are hard to influence. The time 



points of the first emerging endocrine cells have been 

reported as early as w6 (Piper et al., 2004) and as late as 

w11 (Sarkar et al., 2008). It have also been suggested that 

the majority of the early endocrine cells co-express insulin 

and glucagon (Polak et al., 2000). In contrary to the 

situation in mouse where embryonic β-cells are incapable 

of secreting insulin in response to glucose, human 

embryonic β-cells have been by some reported to have this 

glucose responsiveness (Piper et al., 2004; Sarkar et al., 

2008). Expressional analyses of genes know to be 

important for the development of pancreas indicates that 

despite the existing differences between pancreas 

development in mice and humans, the same signalling 

factors seems to be involved (Jongmin et al., 2009; Lyttle et 

al., 2008; Piper et al., 2004; Polak et al., 2000; Sarkar et al., 

2008) 

 

 

 

 
 
 
 
 
 
 
 
 



Aim of this thesis 
 
 
To contribute to an increased understanding in the 

processes involved in the development, maintenance and 

function of pancreas.  And to apply this knowledge to 

protocols for in vitro differentiation of β-cells from 

progenitor and stem cells that in turn can be used as a donor 

source for transplantation based treatments of diabetics.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Prologue 
 

Of the approximately 200 million people suffering from 

diabetes today approximately 20 million are in dependent 

on daily injections of insulin. Being dependent on 

exogenous insulin is not only an inconvenience it also 

increase the risk for several medical complications such as 

stroke, heart disorders, kidney failure, retinopathy, 

atherosclerosis and impaired wound healing. The major risk 

factor for all these complications is long periods of high 

blood sugar levels that is damaging to thin blood vessels 

and nerves.  Even in the best of situations the blood sugar 

levels of a diabetic with need for daily insulin injections 

can never be as well controlled as in a healthy individual.  

 

The approaches to make diabetics independent of insulin 

injections can be divided into two major groups based on 

their methodology, by influencing the body to regenerate β-

cells or by transplanting functional β-cells from an 

exogenous source.  

Several different cell types have been suggested to 

participate in the observed generation of new β-cells in the 

adult pancreas. Independent studies have shown that adult 

β-cell have the capacity to replicate, albeit at a low rate 

(Kassem et al., 2000; Meier et al., 2006; Messier and 



Leblond, 1960; Ritzel and Butler, 2003). This doesn’t per 

see mean that replicating β-cells are solely responsible for 

the adult β-cell generation. It have however been shown 

that mice with genetic modifications in genes involved in 

this proliferation process show progressive loss of β-cell 

mass (Georgia and Bhushan, 2004; Kushner et al., 2005; 

Rane et al., 1999; Uchida et al., 2005). Other studies 

employing lineage tracing methods have failed to observe 

any non β-cells contribution to newly formed insulin 

positive cells (Dor et al., 2004; Teta et al., 2007). This is 

further supported from a study on a human T1D patient that 

showed increased β-cell proliferation during the early 

stages of the disease (Meier et al., 2006). Taken together 

these data indicates that under normal conditions the β-cell 

mass is maintained mostly, if not solely, by the replication 

of preexisting β-cells. Numerous studies have suggested 

that the ductal cells of the exocrine pancreas could be a 

source for β-cells neogenesis. This have however not been 

conclusively show in the adult pancreas, but cells from the 

ducts may play a role during the first month after birth 

(Scaglia et al., 1997).  Cells from spleen and bone marrow 

have been implicated to contribute to β-cell regeneration 

(Kodama et al., 2003; Ianus et al., 2003) but other groups 

have failed to reproduce these data (Chong et al., 2006; 

Lechner et al., 2004; Mathews et al., 2004; Nishio et al., 



2006; Suri et al., 2006). The most elusive of the cells 

proposed to be able to generate β-cells is the pancreatic 

adult stem cell. Despite major effort to identify and isolate 

this stem cell no conclusive evidence of its existence have 

been presented. In a model where severe pancreatic injury 

was induced, a small number of cells expressing NGN3 

were observed (Xu et al., 2008). These rare NGN3 

expressing cells could be isolated and under ex vivo 

conditions generate cells expressing insulin, glucagon, 

somatostatin and pancreatic polypeptide. This indicates that 

there are cells present in the adult pancreas that have the 

capacity to reactivate the program used to generate 

endocrine cells during embryonic stages. However, clinical 

relevance for these induced NGN3 expressing cells is 

improbable. Cells expressing the filament protein Nestin 

have also been proposed having stem cell character, this 

will be discussed further. 

 

The transplantation approach have been medically tested 

and a method for harvesting the islets of Langerhans from 

human cadavers was created in the late 1980s (Ricordi et 

al., 1988). Combined with a protocol using glucocorticoid-

free immunosuppression (Shapiro et al. 2000; named the 

Edmonton protocol) the first successful human 

transplantation could be performed. In these 



transplantations islets of Langerhans were isolated from 2-3 

donors and injected into the portal vein of the recipient. 

The results from this study showed that 44% of the 

transplanted patients were independent of insulin injections 

after one year. In the remaining patients half had parts of 

the transplanted cells left while the other half had suffered a 

complete loss of donor graft. As in all transplantations there 

is a risk for rejection of the donor tissue due to immune 

responses in the receiving patient, and the fact that T1D is 

an autoimmune disease further complicates this issue. With 

new improvements in the field of immunosuppressants the 

current number of patients being independent of insulin 

injections one year after transplantation has now increased 

to 50-68% and even after five years some patients can 

retain the graft. The problem with this approach is not only 

the lack of long term graft survival but also the acute 

shortage of donor tissue. To solve this scarcity scientist 

have been looking at the possibility to induce progenitor 

and embryonic stem cells to in vitro differentiate into 

insulin producing cells, thereby creating an endless supply 

of donor material. To instruct stem cells to differentiate into 

functional, transplantable, β-cells have proven to be a major 

task not yet solved. In the remaining part of the thesis this 

field will be discussed taking together studies I have 

participated in and results generated by others. 



Paper 1 
Nestin is expressed in mesenchymal and not epithelial 

cells of the developing mouse pancreas 

 

The intermediary filament protein nestin was first identified 

as a marker for neural stem or progenitor cells (Lendahl et 

al., 1990). This discovery lead the isolation of neural 

precursor cells derived from Embryonic Stem (ES) cells 

that could be induced to generate neurons (Okabe et al., 

1996; Lee et al., 2000). Nestin have also been proposed to 

be expressed in multipotent stem cells in the pancreas 

(Hunziker and Stein, 2001; Zulewski et al., 2001) and it 

have been suggested that nestin positive cells isolated from 

islets could generate both pancreatic exocrine and 

endocrine cells in vitro (Zulewski et al., 2001). In a study 

were differentiating mouse ES cells was selected for the 

expression of nestin, cells secreting insulin were generated. 

These insulin positive cells did however not express the 

transcription factor Ipf1/Pdx1, a gene essential for proper 

function of a mature β-cell (Ahlgren et al., 1998; Hart et al., 

2000). Neither did the generated cells express insulin in the 

levels that would be expected from a true β-cell. This hints 

to the possibility that the insulin expressing cells produced 

are not pancreatic cells but rather neurons. It has been 

shown that neurons can express insulin in low levels 

(Alpert et al., 1988) and the number of genes shared 



between neurons and β-cells are numerous (Le Douarin 

1988; Edlund 1998). Due to these similarities the 

interpretations of experiments where ES cells are 

differentiated towards a β-cell fate need to be made 

cautiously. Another problem, causing further complications 

in this kind of experiments is that cells can take up insulin 

if present in the surrounding media (Rajagopal et al., 2003). 

To make sure that the insulin detected is actually produced 

by the cell itself the presence of C-peptide, a by product 

from the processing of insulin, needs to be confirmed 

(Rajagopal et al., 2003). In paper 1 we examine the 

expression of nestin in the mouse pancreas both during 

development and in the adult with an immunohistochemical 

approach. Nestin expression was never observed in the 

same cell as any of the tested pancreatic markers. We also 

failed to observe nestin expression in the cells positive for 

E-cadherin, a cell adhesion molecule specific for epithelial 

structures which is expressed in both the exocrine and the 

endocrine part of the pancreas as well as the 

gastrointestinal tract (Dahl et al., 1996). Nestin expression 

was however detected in the mesenchyme surrounding the 

emergent pancreas. We could also observe nestin positive 

cells dispersed within the pancreas from e15. These cells 

are most likely mesenchymal cells trapped during the 

branching of the developing pancreas. With these results 



we concluded that nestin is not expressed in the pancreatic 

epithelium during development, making nestin positive 

cells poor candidates for the generation of β-cells. 

Following the publication of paper 1 several studies have 

been made concerning the expression of nestin in the 

pancreas. Most of these studies (Delacour et al., 2004; Esni 

et al., 2004; Means et al., 2005; Street et al., 2004; 

Treutelaar et al., 2003) agrees that pancreatic endocrine 

cells never express nestin. However some of these studies  

(Delacour et al., 2004; Esni et al., 2004; Means et al., 2005; 

Street et al., 2004) concludes that nestin positive cells 

contributes to the exocrine part of the pancreas while other 

show that the nestin expressing cells scattered in the adult 

pancreas are of vascular character (Treutelaar et al., 2003). 

With the publication of the first solid protocol were mouse 

ES cells were differentiated into definitive endoderm 

(Kubo et al., 2004) and the following papers of 

differentiation of human ES cells to not only endoderm but 

also pancreatic progenitors from the Baetge group 

(D’Amour et al., 2005; D’Amour et al., 2006; McLean et 

al., 2007; Kroon et al., 2008), the need for nestin selection 

in in vitro generation of pancreatic cells is negligible. 

Moreover the studies showing that adult pancreatic β-cells 

are generated from the division of existing β-cells rather 

than from a stem cell (Dor et al., 2004; Teta et al., 2007), 



further obviates the idea of nestin as a marker for 

pancreatic stem or progenitor cells. Nevertheless, some 

researchers still use nestin selection as an approach towards 

isolating, expanding and differentiating pancreatic stem and 

progenitor cells.    

 
 
 
 
 
 
 

Paper 2  
Retinoic Acid Promotes the Generation of Pancreatic 

Endocrine Progenitor Cells and Their Further 

Differentiation into β-Cells 

 

 

Vitamin A, also called retinol, can be oxidized via a two 

step process to form retinoic acid (RA). In this process 

retinol is first transformed to retinal that in turn is 

transformed into RA. The last step of this transformation is 

dependent on the enzyme retinalaldehyde dehydrogenase 

(Raldh). There are four different genes coding for Raldh in 

mice, Raldh1-4 and four in humans, RALDH1-3 and 12. 

RA signaling is mediated via the Retinoic Acid Receptors 

(RAR) and the Retinoic X Receptors (RXR). Signaling via 



these receptors play important roles in a large number of 

developmental stages, from pregastrula to the later 

development of organs from all three germ layers (Dolle 

2009). Both RAR and RXR belong to the nuclear receptor 

family and upon ligand binding and dimerisation they act 

as transcription factors binding to Retinoic Acid 

Responsive Element (RARE) thereby influencing target 

gene expression. RAR and RXR are encoded by three 

separate genes named RARα, RARβ, RARγ, RXRα, RXRβ 

and RXRγ, all having different splice forms. This 

complexity in receptor arrangement renders RA signaling 

the possibility to give rise to tissue specific activity. In 

paper 2 we examined the role for RA signaling during 

pancreas development. First we determined the expression 

of the Raldh genes in the region of the forming pancreas in 

mouse. At stage e8,5 Raldh2 was expressed in the somites 

and by e10,5 it was also expressed in the mesenchyme 

surrounding duodenum but not in the pancreatic buds 

themselves nor at the later stages. From e13,5 Raldh1 

expression was observed in the pancreatic epithelium 

adjacent to the first insulin cells. The expression in the 

pancreatic epithelium remains strong until e15,5 and is non 

detectable from e17,5 and onwards. This period of Raldh1 

expression coincides with the phase of massive β-cell 

proliferation in mouse. The mechanism behind this strong 



increase in insulin positive cells has not been conclusively 

investigated but the expressional pattern of Raldh1 

indicates a possible role for RA signaling in this process. 

Data from studies on ventral spinal chord supported this 

with several publications revealing a role for RA signaling 

in the development and patterning of interneurons and 

motor neurons (Briscoe and Novitch, 2007; Novitch et al., 

2003; Wilson and Maden, 2005). To examine whether RA 

signaling have a role during pancreas development two 

strains of transgenic mice were initially generated where 

RA signaling in the pancreas was impaired. This was 

accomplished by using a dominant negative form of RARα 

called RAR403 (Damm et al., 1993; Sockanathan et al., 

2003) expressed under the control of the Ipf1/Pdx1 and the 

rat insulin 1 promoters. No mice expressing RAR403 

behind the rat insulin1 promoter were however obtained. 

This was most likely due to expression of the transgene at 

embryonic stages (Dumonteil and Philippe, 1996) causing a 

lethal phenotype. Mice expressing functional RARα under 

the control of the Ipf1/Pdx1 and the rat insulin 1 promoters 

also failed to generate offspring. Mice with RAR403 under 

the control of the Ipf1/Pdx1 promoter were however born, 

but died shortly after birth due to a complete lack of 

pancreas.  



In examining the role of RA signaling in motor neuron 

generation an ex vivo explant system has proven to be very 

useful (Novitch et al., 2003; Sockanathan and Jessel 1998). 

Therefore we established a similar system where dorsal 

pancreatic buds were cultured under defined, serum free 

conditions for six days. When explants were cultured under 

these conditions, in absence of RA, only a small number of 

cells expressing endocrine markers like glucagon and 

insulin were formed. However explants cultured in the 

presence of RA showed a 3 fold increase in insulin positive 

cells while there was no significant increase in the number 

of glucagon positive cells. Titration experiments showed 

that RA mediated its effect in a dose dependent manner and 

that the optimal concentration of RA was 25nM, with 

respect to the numbers of insulin positive cells. Higher 

concentrations of RA didn’t increase the effect with 

concentrations above 50nM actually showing an inhibitory 

effect on endocrine cell differentiation. When retinol and 

retinal, precursors to RA, was added to the explants the 

increase in insulin cell numbers were almost 10 fold clearly 

indicating that these precursors could be converted to RA 

by the Raldh1 expressed in the explant. With functional 

Raldh1 in the explant one might suspected that the explant 

should be able to generate its own RA. It have however 

been shown in earlier studies that explants grown without 



added RA, or any of its precursors, show no signs of active 

RA signaling despite Raldh expression (Sockanathan and 

Jessell 1998). This is most likely due to that RA is very 

diffusible and thereby will be rapidly diluted by the 

surrounding media. During normal endocrine cell 

differentiation the mature endocrine cell fates are preceded 

by an endocrine progenitor cell expressing the bHLH 

transcription factor neurogenin 3 (Apelqvist et al., 1999; 

Gradwohl et al., 2000, Gu et al., 2002; Jensen et al., 2000; 

Johansson et al., 2007; Schwitzgebel et al., 2000). When 

grown in the presence of RA for 2 days the number of 

neurogenin 3 (Ngn3) positive cells in the explant were 

increased 4 fold compared to controls. Culturing the 

explants in presence of RA for an additional 2 days didn’t 

increase the number of Ngn3 positive cells compared to the 

control in agreement with the transient role of Ngn3 

expression in differentiating endocrine cells. On day 4 a 3 

fold increase in number of cells expressing the Ngn3 target 

gene NeuroD could however be detected indicating a 

transition from pro endocrine to differentiated endocrine 

cells. The sequential expression patterns of Ngn3 and 

NeuroD, together the expression patterns of other genes 

examined, indicates that the development of β-cells in 

explants cultured in the presence of RA follow the normal 

course of endocrine development. Furthermore several 



critical markers for differentiated β-cells could be detected. 

To examine if the Ngn3 positive cells generated after the 

first 2 days of exposure to RA preferentially differentiated 

into insulin cells or if RA had a sequential role during β-

cell differentiation similar to that described for 

differentiation of motor neuron. (Briscoe and Novitch, 

2007; Novitch et al., 2003; Wilson and Maden, 2005) 

explants were grown in RA for the first 2 or 4 days of the 

total 6 days. In explants grown with RA for the first 2 days 

no increase in numbers of β-cells could be detected. When 

grown with RA for the first 4 days an increase in the 

numbers of insulin positive cells could be detected, but this 

increase was smaller than in explants grown with RA for 

the entire 6 day period. This implicates a sequential role for 

RA during pancreas development, inducing pancreatic 

progenitors to generate ngn3 expressing cells and thus 

becoming pro endocrine cells that in turn are further 

stimulated by RA to differentiate into β-cells.  

Taken together, the data in paper 2 suggests that RA 

signaling may be involved in the induction of β-cell 

differentiation that takes place in the developing mouse 

pancreas from e13,5 and onwards. The total lack of 

pancreas in the Ipf1/Pdx1 RAR403 transgenic mouse points 

to a role for RA in development of both dorsal and ventral 

pancreas. In earlier studies it have been reported that 



transgenic mice lacking Raldh2 the ventral pancreas 

develops normally, suggesting that only the developing 

dorsal pancreas should be dependent on RA signaling 

(Martin et al., 2005; Molotkov et al., 2005). Part of the 

Raldh2 phenotype is however a loss of dorsal but not 

ventral pancreatic mesenchyme (Martin et al., 2005). Lack 

of dorsal pancreatic mesenchyme have been described also 

in embryos missing Isl1 (Ahlgren et al., 1997) and N-cad 

(Esni et al., 2001) resulting in a lost dorsal pancreas in both 

cases. In experiments where the pancreatic epithelium from 

the mice lacking Isl1 or N-cad was co-cultured with normal 

pancreatic mesenchyme it was shown that the defect 

causing the dorsal pancreatic phenotype was not intrinsic to 

the epithelium (Ahlgren et al., 1997; Esni et al., 2001). 

Preliminary data from our lab suggests that the 

development of dorsal pancreatic epithelium from mice 

lacking Raldh2 also can be rescued in similar co-culture 

experiments, indicating that it is the lack of dorsal 

pancreatic mesenchyme that mediates the phenotype. Mice 

mutant for Raldh1 have been generated and they are viable 

and show not pancreatic defects (Fan et al., 2003). The lack 

of pancreatic phenotype in these mice could possibly be 

due to a compensatory up regulation of any of the other 

Raldhs but this kind of analysis have not yet been carried 

out in the Raldh1 mutant mouse. It have also been shown 



that RA can be synthesized in an RALDH independent 

mode using the enzyme Cyp1b1 (Chambers et al., 2007). In 

qRT-PCR analyses on mouse pancreas from e13 and e15 as 

well as human w8-w19fetal pancreas Cyp1b1 could be 

detected implying a possible role for RALDH independent 

RA synthesis in the developing pancreas. It have been 

suggested that RA reduces growth and the differentiation of 

exocrine cells in explant systems with serum present (Shen 

et al., 2007; Tulachan et al., 2003). Under these conditions 

explants will show a high degree of growth on the expense 

of differentiation. Serum may also introduce unwanted 

growth factors and other molecules that can influence the 

effect of RA in these experiments. It has most importantly 

been show that fibroblast growth factors (FGFs) and RA 

antagonize each other (Diez et al., 2003) and FGFs are 

likely to be present in serum. In the serum free media 

conditions we use we try to mimic the conditions present 

for the developing β-cells in the mouse where the growth 

inducing signals decrease due to a reduced 

mesenchyme/epithelium ratio (Herrera et al., 1991; Pictet 

and Rutter 1972). These results might also give clues for 

how to generate functional β-cells from embryonic stem 

cells. Great progresses have been made in this field over 

the last five years and several protocols have been 

successful in generating pancreatic and endocrine 



progenitors (Cho et al., 2008; Jiang et al., 2007; 

Johannesson et al., 2009; Kroon et al., 2008). Neither of 

these protocols can give rise to sustainable endocrine 

progenitors nor generate functional β-cells from the 

transient Ngn3 expressing cells.      

 
 
 
 

 

Paper 3 

Increased β-cell mass in mice where FGFR1c is 

expressed in α-cells. 

 

Fibroblast growth factor receptor 1c (FGFR1c) is 

selectively expressed in adult β-cells but not α-cells and 

signaling via FGFR1c have been shown to be vital for 

proper function of adult β-cells (Hart et al., 2000). When 

signaling via FGFR1c was attenuated in β-cells Edlund and 

colleagues observed a down regulation of pro-hormone 

convertase 1/3 (PC1/3), an enzyme responsible for 

converting proinsulin to functional insulin, resulting in β-

cells with increased proinsulin content. PC1/3 is also 

responsible for processing proglucagon into glucagon like 

peptide 1 (GLP1) in cells where PC1/3 and glucagon are 



co-expressed. The murine fetal α-cells express both PC1/3 

and glucagon until approximately e15, a time coinciding 

with the large expansion of β-cells. GLP1 have been 

suggested to stimulate this expansion of β-cells and to 

study this further we generated transgenic mice expressing 

FGFR1c under the control of the glucagon promoter.  

This ectopic expression of FGFR1c in the α-cells resulted 

in mice that where healthy and fertile. Upon closer 

examination we discovered that the transgenic mice cleared 

blood glucose levels faster than there wild type littermates. 

This improved glucose tolerance was due to an increased 

amount, by approximately 40%, first phase insulin 

secretion in response to glucose. Upon intraperitoneal 

injection of the secreatagogue glybenclamide the amount of 

secreted insulin was almost doubled compared to wild type 

littermates. Glybenclamide depolarizes the β-cell by 

closing the K-ATP channels, and thereby resulting in a 

forced secretion of all available insulin. This means that the 

transgenic mice only secrete enough insulin to bring down 

the blood glucose values to appropriate levels. Together 

with no observations of hypoglycemia in the mice this 

indicates that the overall glucose homeostasis system is 

functional in the transgenic mice.  

To understand the transgenic mice ability to secrete more 

insulin we performed immunohistochemical analyses 



comparing pancreases from transgenics and wild type 

littermates.  A size difference between the pancreatic islets 

could be observed and this increased transgenic islet size 

was quantified to a 25% increase in β-cell mass, a 40% 

increase in α-cell mass and a 95% increase in average islet 

size. Determination of the total pancreatic insulin content 

confirmed the increase in β-cell numbers with a 30% higher 

insulin content in transgenic pancreases.   

With the glucagon promoter controlling the expression of 

the FGFR1c, and knowing that glucagon expression can be 

detected as early as embryonic day 9 (e9), we examined 

embryos and newborn mice for a possible phenotype. No 

such early phenotype could be detected and we therefore 

concluded that the observed increase in β-cell mass is most 

likely due to postnatal causes.  

With the knowledge that replicating β-cells are the major 

source for the postnatal generation of new β-cells the 

Glu/FGFR1c could be an interesting model to study factors 

involved in this process.  

 

 

 

 



Comparative study on hESCs differentiation 
protocols 
 

With the improvements in immunosuppresants made in the 

late 1990s, transplantations with insulin producing cells 

became a realistic treatment for diabetes (Shapiro et al., 

2000). The shortage of cadaver derived transplantable islets 

has however made it necessary to find another source of 

insulin producing cells suitable for this purpose. Human 

embryonic stem cells (hESCs) have the capacity to self 

renew and a potential to differente into all other cell types 

present in the human body. This implies that hESCs could 

serve as an endless source of transplantable insulin 

producing cells. To generate functional β-cells from hESCs 

has however shown to be a major task, not yet fully 

accomplished despite efforts made by several stem cell 

researchers over the last decade. Many of the early 

protocols tried to induce cells of neural fate, generated from 

embryonic stem cells, to produce insulin producing cells. 

With neurons having the capability to express low levels of 

insulin (Alpert et al., 1988) the risk of misinterpretations in 

similar experiments is considerable. The rational behind 

this approach were most likely that neurons and β-cells 

express many common markers (Le Douarin 1988; Edlund 

1998). The fact that embryonic stem cells could be induced 



to generate neural cells relatively easy probably also 

influenced this approach. 

Over the last five years progress has however been made 

using an approach where signals controlling key events of 

endodermal and pancreatic development in the  developing 

embryo have been mimicked. The breakthrough for this 

developmental mimicking approach was the generation of 

definitive endoderm from mouse embryonic stem cells 

(mESCs) made by Keller and colleagues in 2004 (Kubo et 

al., 2004). In this publication the authors showed that the 

signaling factor activin A, a member of the TGF-β protein 

superfamily, could induce mESCs to differentiate into 

definitive endoderm. This endoderm inducing effect is 

mediated via the same receptors used by nodal in the 

gastrula stage. Activin A was one year later also shown to 

be able to induce the formation of definitive endoderm in 

hESCs by the Baetge group (D’Amour et al., 2005). In the 

years following the publication that hESCs can form 

definitive endoderm, a large number of studies have been 

made to generate functional insulin producing cells from 

hESCs. Different approaches have been employed in these 

studies, but with very few exceptions a starting step to 

generate definitive endoderm induced by activin has been 

used. None of these studies have however succeeded in 

generating functional β-cells, stably co-expressing markers 



present and important for adult β-cells (Baetge, 2008). A 

functional adult β-cell express, apart from insulin, a number 

of key genes including transcription factors and enzymes 

giving the β-cell its ability to respond properly to glucose 

by secreting insulin. Transcription factors known to be 

important, which should be tested for expression in insulin 

positive cells generated from embryonic stem cells before 

being considered a true β-cell include, IPF1/PDX1, NKX6,1 

and MAFA. The final test for a functional β-cell is its 

ability to secrete appropriate amounts of insulin in response 

to glucose. Generating cells from hESCs that in vitro 

display glucose stimulated insulin secretion (GSIS) 

indicates that mature and functional β-cells have been 

generated. When these cells are transplanted into a 

recipient they don’t necessarily retain their ability to 

respond to glucose (Jiang et al., 2007). The opposite 

scenario where cells with no in vitro GSIS, i.e. cells of  

pancreatic endoderm or endocrine precursor cell character, 

were transplanted to a recipient and in the host acquired 

glucose responsiveness have also been described (Kroon et 

al., 2008). The approach used by Baetge and colleagues 

induce to hESCs to differentiate into pancreatic precursor 

cells via intermediate stages resemble the developmental 

stages that occure during normal pancreas development. 

The factors used to induce this differentiation are 



mimicking the signals involved in the in vivo generation 

from the development of definitive endoderm to the 

specification of pancreatic endoderm. A different approach 

from the mimicking of the in vivo situation is the small-

molecule library screening method. In this method a large 

number of molecules imitating the signaling events 

involved in pancreas development are screened for there 

ability to induce pancreatic cells from ESCs (Chen et al., 

2009). With the number of different small molecules 

making up the library often being counted in thousands, 

this method relies on automated systems for both the 

experimental process and the analyses. In an interesting 

study by Semb and colleagues the authors show that 

endodermal cells induced from hESCs, by stimulation of 

activin A and Wnt3A, develop a robust amount of 

IPF1/PDX1 positive cells in response to continued 

presence of retinoic acid (RA) and fibroblast growth factor 

4 (FGF4) (Johannesson et al., 2009). In this study an 

attempt to compare the efficiency in generating pancreatic 

progenitors, evaluated by the expression of IPF1/PDX1, 

from hESCs between the protocol by the Baetge group and 

their own protocol with long term RA and FGF4 exposure. 

This comparison was however not successful due to the 

fact that the hESC line used by Semb and colleagues was 

unable to survive under the conditions described in the 



Kroon protocol. This demonstrates a problem with studies 

involving hESCs, the lack of homogeneity between the 

different lines of hESCs. In the study from the Baetge 

group published in 2006 five different hESC lines was 

tested for there ability to develop towards a pancreatic fate 

(D’Amour et al., 2006). Differences between the cell lines 

could be observed and differences could also be detected in 

the study by Semb and colleagues when they compared 

three other hESC lines (Johannesson et al., 2009). We have 

conducted a preliminary study using a hESC line generated 

by D.A. Melton (Harvard institute, Cambridge MA) 

comparing the Kroon and the Johannesson protocols as 

well as a modified version of the Kroon protocol. There are 

currently 17 different hESC lines available from D.A. 

Melton and in the publication from the Semb group all 

three cell lines tested was obtained from D.A. Melton 

whereas the Baetge group used hESC lines isolated by 

themselves. 

 

Methods 

 

Routine culture 

The hESC line Hues-7 was obtained from D.A. Melton, 

Howard Hughes Medical Institute, Harvard Institute, 

Cambridge (MA). The cells were grown in petri dishes 



(Corning) in KO-DMEM (Gibco) supplemented with 12% 

KO serum replacement (Gibco), 4% ITS-supplement 

(Sigma), 1% Non-essential amino acids (Gibco), 1% 

Glutamax II (Gibco), 0,5% penicillin-streptomycin 

(PEST)(Invitrogen), 0,1mM beta-mercaptoethanol (Gibco) 

and 10ng/ml bFGF (Invitrogen). The hESCs were grown on 

a layer of mitotically inactivated mouse embryonic feeder 

layer at a density of 40000 cells / cm2. The media was 

changed daily to keep the hESCs in an undifferentiated 

state and the cells were passaged with TrypLE (Gibco) 

every 3-5 days. 

 

Differentiation experiments 

Before inducing differentiation the hESCs were seeded in 

12 well plates (Nunc) at a density of 20000 cells / cm2 and 

cultured four days to form a confluent layer. After reaching 

confluency the cells were washed with PBS (Gibco) after 

which the differentiation protocol was started (Fig1). 

Activin A (100ng/ml) (R&D Systems) and Wnt3A 

(25ng/ml) (R&D Systems) in Roswell Park Memorial 

Institute (RPMI) 1640 (Sigma) with no fetal bovine serum 

(FBS) added the first day. The second and third day Wnt3A 

was omitted and 0,2% FBS (Gibco) was added. 

From day four and onwards the cells being exposed to 

retinoic acid (RA) (2μM) (Sigma) and fibroblast growth 



factor (FGF) 4 (1,1ng/ml) (R&D Systems) was 

differentiated in Dulbecco’s modified Eagle medium 

(DMEM) (Gibco) with 2% FBS. This media composition 

was kept for these cells throughout the remaining 

experiment. 

The cells treated with FGF7 (25ng/ml) (R&D Systems) 

from day four to day six, the media used was RPMI 1640 

supplemented with 2% FBS. From day seven these cells 

was separated to follow two different protocols, henceforth 

named A and B (Fig1). In protocol A the cells were 

exposed to FGF7 (25ng/ml), cyclopamine (0,25μM) (TRC) 

and noggin (50ng/ml) (R&D Systems) for three days and 

the media composition was DMEM supplemented with 1% 

B27 (Gibco). From day 10 to day 12 the cells following 

protocol A was subjected to FGF7 (25ng/ml) in DMEM 

with 1% B27 supplement. 

In protocol B the cells were subjected to RA (2μM), 

cyclopamine (0,25μM) and noggin (50ng/ml) between day 

7 and day 9 in DMEM supplemented with 1% B27. From 

day 10 to day 12 the cells following protocol B was not 

exposed to any exogenous factors, with the basic media 

composition being the same from the three earlier days. 

In all the above mentioned differentiation medias PEST 

(0,5%) was added. 

 



Figure1. Schematic picture of differentiation protocols 
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mRNA extraction and reverse transcription 

Cells were washed with PBS before harvested and the RNA 

was purified following the protocol from the RNeasy micro 

kit (Qiagen). SuperScript III (Invitrogen) was used for 

reverse transcription and the random hexamere protocol 

was followed. 

 

RT-PCR analysis 

Primers marked with an asterisk were designed according 

to Johannesson et al., 2009 and the primer for brachyury 

(T) was designed using Primer Express (Applied 

biosystems) (sequences shown in Table1), and ordered via 

Sigma. The analyses was carried out using a ABI-Prism 



7000 (Applied biosystems) with the following cycles; 

preincubation at 50°C for 2 minutes and 95°C for 10 

minutes followed by 40 cycles with denaturation at 95°C 

for 15 seconds and anneling/extension at 60°C for 1 

minute. The DNA binding fluorescent dye SYBR green 

(Applied biosystems) was used in the reactions and primers 

was used at a final concentration of 300nM. Every sample 

was loaded in duplicates and the Ct mean value used in the 

calculations. In every run the least differentiated sample 

was used for normalization. 

 

Table1. Primer sequences used in RT-PCR 
Gene Forward primer sequence Reversed primer sequence 

OCT4* CGAAAGAGAAAGCGAACCAG AACCACACTCGGACCACATC 

T CCCTATGCTCATCGGAACAATT CATGGGATTGCAGCATGGA 

FOXA2* AGGAGGAAAACGGGAAAGAA CAACAACAGCAATGGAGGAG 

IPF1* CCCATGGATGAAGTCTACC GTCCTCCTCCTTTTTCCAC 

 

Results 

 

As described in earlier publications expression of 

brachyury is induced in hESCs after one days exposure of 

to a combination of activin A and Wnt3a under serum free 

conditions (D’Amour et al., 2005). The increased 

expression of brachyury (T) indicates formation of 

mesendoderm, a common precursor for both mesoderm and 



endoderm (Fig1b). The induced differentiation of the 

hESCs also result in a drop in OCT4 (POU5F1) expression 

(Fig1a), a gene well described as a marker for 

undifferentiated embryonic stem cells (Niwa et al., 2000). 

To assure formation of definitive endoderm one ideally 

need to show the expression of several markers in the same 

cell. This is not possible when using RT-PCR for 

expression analyses. There are however a number of genes 

indicating endoderm formation, albeit not specific for 

definitive endoderm. The forkhead transcription factor 

FOXA2 is one such gene and the expression of FOXA2 is 

increased at day 1 to gradually, slowly drop below the 

expression levels of the undifferentiated hESCs (Fig1c). 

This expression pattern is also observed for both SOX17 

and CXCR4, two other genes indicating endoderm 

formation (data not shown). This indicates that the 

induction of endoderm was weak and transient or possibly 

that only a small portion of the hESCs was induced to form 

endoderm. Expression of IPF1 (Fig1d) could be detected in 

the protocol using RA and FGF4 (procol C) already at day 

6. The IPF1 expression levels however dropped over time 

and at day 12 less than 30% of the expression observed at 

day 6 remained. In the hESCs being propagated in the 

presence of FGF7 between day 4 and day 6 no IPF1 

expression could be detected until day 9. At this stage the 



cells exposed to the combination of RA, cylopamine and 

noggin (protocol B) started expression IPF1 whereas the 

cells exposed to FGF7, cylopamine and noggin (protocol 

A) showed no expression of IPF1 until day 12 after an 

additional 3 days exposure to FGF7.  These data taken 

together indicates that RA is a strong inducer of IPF1 

expression but that this expression is not efficiently 

maintained. The data also show that efficient IPF1 

expression can be induced in hESCs without RA. To 

answer if this, non RA induced, IPF1 expression also 

diminishes over time need further investigations. 

The difference in IPF1 expression presented in this study 

compared to the study published by Joannesson et al. have 

two possible explanations. In this study the hESC line 

Hues-7 was used as compared to Hues-3 and Hues-15 

being used by Semb and colleagues. A possible difference 

between these hESC lines is indicated by the fact that 

Hues-3 and Hues-15 died when submitted to the protocol 

from Kroon et al. whereas Hues-7 showed no such 

tendancy. Another factor that is likely to have affected the 

expression profiles is the use of the gene beta actin (ACTB) 

as an endogenous control gene. In our study ACTB was 

shown to be differentially expressed in the studied stages 

with higher expression during earlier stages of 

differentiation as well as being influenced by some of the 



factors used in the later stages of the differentiation 

protocol. The problem with finding a suitable, non 

differentially expressed gene to normalize against, lead us 

to normalize gene expression directly to the amount of 

cDNA template. 

 

Figure2. Gene expression detected by RT-PCR 

 
Expression of genes normalized against the most immature stage with detectable 

expression. A, OCT4 expression indicating cells leaving there undifferentiated state. B, 

Transient expression of brachyury (T) indicating mesendoderm being formed. C, FOXA2 

indicating endodermal fate. D, Expression of IPF1 detectable after exposure RA but 

poorly maintained over time. IPF1 expression could be detected without RA, day 12 of 

the FGF7(A) protocol 
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Discussion 

The aim of this preliminary study was to compare the 

efficiency in induction of IPF1 expression between two 

published hESC differentiation protocols (Johannesson et 

al., 2009; Kroon et al., 2008). This comparison was 

attempted in the original study by Semb and colleagues but 

due to poor survivability of the differentiating hESC lines 

utilized in that study when using the protocol from the 

Kroon publication no conclusive result could be reached. 

Also evaluated in this preliminary study is a protocol 

devised in our lab where RA is omitted. The rationale 

behind the omission of RA results from numerous 



differentiation experiments conducted on mESCs as well as 

studies of gene expression during pancreas development in 

mice (data not shown).  The data from this study shows 

however that RA is a potent inducer of IPF1 expression in 

hESCs that first have been induced to generate endoderm 

by activin A. RAs ability to induce pancreatic endoderm 

have been shown in many different systems (Chen et al., 

2004; Penny and Kramer, 2000; Stafford and Prince, 2002; 

Tulachan et al., 2003), and in vivo studies where RA 

signaling is perturbed supports a role for RA in inducing 

early pancreatic fate and IPF1 expression (Martin et al., 

2005). Induction of robust IPF1 expression without RA 

have however not been thoroughly explored, albeit 

previously commented (Phillips et al., 2007), in any of the 

recent studies involving differentiation of hESCs towards a 

pancreatic fate. 

Many studies have been published where hESCs have been 

subjected to different differentiating protocols and resulted 

in generation of cells expressing IPF1. The IPF1 

expression however seems to be transient, indicating that a 

yet unknown factor, or factors, is needed for maintenance 

of IPF1 expression. Its possible that such a factor(s) will be 

critical for the generation of mature and functional insulin 

producing β-cells from hESCs. The generation of fully in 

vitro differentiated β-cells from hESCs is a prerequisite for 



the prospect of using hESCs as a source for cell 

transplantation approaches for the treatment of diabetes. 

Since transplanted immature cells frequently develop into 

tumors in the recipient approaches to sort differentiated 

cells immature cells is conceivable with the use of 

fluorescent activated cell sorters (FACS). For this to be 

efficient several suitable detectable proteins, specific for 

the preferred cell type needs to be identified. And even so 

the risk of just a few none desired cells contaminating the 

purified population could potentially put the recipient in a 

serious risk. A possible approach to make cell sorting more 

efficient could be to genetically modify the hESCs being 

differentiated, for example by introducing a differentially 

expressed fluorescent marker. This, and other approaches 

including genetical modification, is however likely to meet 

opposition from agency’s approving experimental 

medicine. 

With identification of factors that would allow long term in 

vitro cultivation of mature and functional β-cells the risk of 

immature cells present in the culture should decrease with 

increased cultivation time. 
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