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To my sweet<3, where 
ever you are 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Every day you may make 
progress. Every step may be 
fruitful. Yet there will stretch out 
before you an ever-lengthening, 
ever-ascending, ever-improving 
path. You know you will never get 
to the end of the journey. But this, 
so far from discouraging, only 
adds to the joy and glory of the 
climb.  

 

Sir Winston Churchill 
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1. Abstract 
The development of different organs and tissues along the 

gastrointestinal tract, including the pancreas, depends on signalling 

between the endoderm and the adjacent mesenchyme. The Nkx 

gene Bapx1 is involved in spatial control of organ-positioning in the 

spleno-pancreatic region, and deficiency in this gene results in 

unacceptable proximity of the splenic mesenchyme to the pancreas. 

This permits agitating signals from the splenic mesenchyme to 

induce an in vivo (and in vitro) transformation of pancreatic 

epithelium to a cystic structure with gut like features. Also, wild type 

splenic mesenchyme is competent to induce a similar transformation. 

These findings illustrate the importance for strict control of organ 

positioning during spleno-pancreatic development. 

Several growth factors and receptors involved in pancreatic 

development are activated by protease processing. Some of these 

growth factors have been implicated as substrates for members of 

the A Disintegrin And Metalloprotease (ADAM) family. The ADAMs 9, 

10, and 17 are expressed during pancreatic development and in the 

adult pancreas, suggesting a possible role for these ADAMs in 

pancreatic development and function. 

Animal model systems are widely used to investigate gene 

function during development and disease. However, spatial, 

molecular, and quantitative phenotype screening in animals is a time 

consuming effort. Optical Projection Tomography is a 3-dimensional 

imaging technique that, in combination with improvements in sample 

preparation and computer processing, can be used to visualize and 

quantify characteristics of intact adult mouse organs such as the total 

β-cell content in the pancreas. 
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3. Introduction 

3.1 Patterning of the gastrointestinal tract 
The formation of different organs and structures during 

development is the result of many complex events. These include 

diverse features such as cell fate specification followed by 

organization and differentiation of precursors into precisely patterned 

tissues with specialized functions. During gastrointestinal 

development, the endoderm gives rise to different organs along the 

gut tube and interactions between the endoderm and mesenchyme 

have been shown to be important for these events. The mesenchyme 

provides instructive/permissive signals required for formation of 

different organs along the gut tube (such as the liver, stomach, and 

pancreas). In addition, the gut mesenchyme is also actively involved 

in organogenesis e.g. it contributes to formation of the spleen. The 

gut tube can be divided into foregut, midgut, and hindgut by 

morphological features and is patterned along its anterior-posterior 

(AP) axis by differential gene expression. Homeobox containing 

transcription factors have been shown to play a major role in AP-

patterning of the gut tube. One group of homeobox genes is the Hox 

gene family which displays a temporal and spatial co-linear 

expression pattern along the gut tube (Sekimoto et al., 1998). Gain- 

and loss-of-function studies have strengthened the role for Hox 

genes in AP-patterning of the gut. For example, Hoxd 13 is normally 

expressed in the hindgut and Hoxd 13 deficiency results in defects in 

this area; also, expression of Hoxd 13 in the midgut can induce the 

development of hindgut characteristics (Kondo et al., 1996; Roberts 

et al., 1998). In addition to Hox genes, at least three ParaHox 
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transcription factors 

(Pdx1/Ipf1, Cdx1, and 

Cdx2) have been shown to 

be critical for normal gut 

development. As shown by 

gene inactivation studies, 

Pdx1 is crucial for 

formation of the pancreas 

(Ahlgren et al., 1998; 

Jonsson et al., 1994; 

Offield et al., 1996). Cdx1 

and Cdx2 are believed to 

be involved in patterning of 

the gut by regulating Hox 

gene expression in the 

endoderm and inactivation 

of these genes results in 

an anterior homeotic shift 

(Grapin-Botton and Melton, 

2000; Subramanian et al., 

1995). The Nkx genes 

belong to a subfamily of 

homeobox genes, and in 

Drosophila melanogaster 

the Nkx (NK genes in 

Drosophila) genes display a clustered arrangement (Jagla et al., 

2001; Jagla et al., 1997). However, during evolution the Nkx cluster 

was broken and dispersed and in vertebrates, Nkx genes are found 

  L      E      F     PS   PY  DP 

   VP Li  

  D      J      I     CE     C     

 S 

Nkx2.1 

Nkx2.2 

Nkx2.3 

Nkx2.5 

Nkx2.6 

Nkx3.2 

Nkx6.2 

Nkx6.3 

  Stomach 

Anterior Poserior

Nkx6.1 

UA/ TA/ AA 

Figure 1. Schematic illustration of the 
Nkx gene expression pattern along the 
gastrointestinal tract epithelium (grey) 
and mesenchyme (white) around e10-
12. L, lungs; E, oesophagus; F, 
foregut; PS, posterior stomach; PY, 
pyloric sphincter; DP/VP, dorsal/ventral 
pancreas; Li, liver; D, duodenum; J, 
jejunum; I, ileum; CE, cecum; C, colon. 
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on different chromosomes (Luke et al., 2003). Several Nkx genes 

have been shown to be expressed in restricted regions along gut 

tube endoderm and/or in the associated mesoderm (Fig. 1) 

(Alanentalo et al., 2006; Biben et al., 1998; Buchberger et al., 1996; 

Lazzaro et al., 1991; Nelson et al., 2005; Oster et al., 1998a; Pabst et 

al., 1997; Sussel et al., 1998; Tribioli et al., 1997). A possible role in 

AP-patterning can be hypothesised from the expression of the 

different Nkx genes along the gut tube. However, further 

investigations are required to determine such a role. 

3.2 The mammalian pancreas 

The pancreas is an endodermaly derived organ composed of 

three primary cell types: endocrine-, exocrine-, and ductal cells. The 

endocrine cells consist of glucagon producing α-cells, insulin 

producing β-cells, somatostatin producing δ-cells, pancreatic 

polypeptide producing PP-cells, and the more recently identified 

Ghrelin producing ε-cells (Wierup et al., 2002). The pancreatic 

endocrine cells are organized into islets of Langerhans that are 

scattered throughout the exocrine pancreas. In mice, the architecture 

of the islets of Langerhans consists of a core of β-cells surrounded 

by α-, δ-, PP-, and ε-cells (Fig. 2). In short, the endocrine pancreas is 

involved in regulation of 

blood glucose levels by 

releasing hormones into 

the bloodstream, triggered 

by levels of nutrients in 

the blood. Glucagon 

secretion from the α-cells 

Figure 2. The Islets of Langerhans in 
mice are built up by a core of β-cells 
surrounded by α-, δ-, PP-, and ε-cells. 

Insulin β-Cells 
Glucagon α-Cells 
Somatostatin δ-Cells 
Ghrelin ε-cells 
Pancreatic PP PP-Cells 
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leads to increased glucose levels (glycogen breakdown) whereas, 

insulin release from β-cells promotes glucose uptake that leads to 

decreased blood glucose levels. Somatostatin is believed to regulate 

secretion of glucose and insulin whereas, pancreatic polypeptide is 

involved in regulation of exocrine as well as bile secretion. Pancreas 

exocrine cells are organized in acini that produce and secrete about 

20 different digestive enzymes (such as lipases and proteases) that 

are drained through the ductal system into the intestine. 

3.2.1 Pancreatic diseases 

3.2.1.1 Diabetes 

ellitus is a chronic disease characterized by 

persi

Diabetes m

stent hyperglycaemia (high blood sugar levels), resulting either 

from insufficient insulin secretion in the body or an inadequate 

response to insulin. Diabetes is categorized in two main forms 

termed type 1 and type 2. Type 1 diabetes (also known as “juvenile 

diabetes”) can affect both children and adults and is characterized by 

loss of β-cells due to autoimmune dysfunction and thereby, loss of 

insulin secretion. Type1 diabetes is treated by replacement of insulin 

normally produced and released by β-cells. In type 2 diabetes, insulin 

production and release is normal (at least initially), but the response 

of the peripheral tissue to insulin is insufficient and is termed insulin 

resistance. Patients with type 2 diabetes can be treated with 

medication to increase insulin response and reduce glucose release 

from the liver. But as the disease progresses, insulin production from 

the β-cells will not be sufficient and additional insulin often becomes 

necessary. The prevalence of type 2 diabetes is increasing in the 

western world due to a number of factors including an ageing 
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population and lifestyle factors (such as low physical activity, obesity, 

and diet).  

3.2.1.2 Pancreatic cancer 

rders include various forms of pancreatic 

canc

al., 2006)) 

are v

3.3 Pancreatic development in mice 

ated around embryonic 

day 9

Severe pancreatic diso

ers that are often malignant tumours with poor prognosis. 

Pancreatic cancers are most often detected at late stages resulting in 

unsuccessful treatment in most patients. Exocrine tumours account 

for 95% of all pancreatic cancers and include the most common type 

termed pancreatic ductal adenocarcinoma (PDAC) which has a low 

5-year survival rate. Surgical removal of the tumour has been 

considered the only chance for long term survival of PDAC patients, 

but radical surgery (including extended lymphadenectomy) has not 

convincingly improved the overall survival in PDAC patients 

(Carpelan-Holmstrom et al., 2005; Pedrazzoli et al., 1998) 

Pancreatic endocrine tumours (PETs; (Mulkeen et 

ery rare and account for 1 to 2% of all pancreatic neoplasms. 

PETs can be divided on the basis of their clinical manifestation into 

functioning and non-functioning tumours. The functioning tumours 

(insulinoma, gastrinoma, and glucagonoma) cause clinical 

syndromes due to inappropriate secretion of hormones (Lam and Lo, 

1997; Oberg and Eriksson, 2005). 

In mice, pancreatic development is initi

 (e9), when two evaginations from the gut tube are formed that 

result in a ventral and a dorsal pancreatic bud. The initial steps of 

pancreatic development are dependent on interactions between the 

mesenchyme and endoderm and inhibition of the signalling molecule 
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Sonic Hedgehog (Shh) in the endoderm is required for initiation of 

pancreatic development. In the chick model system, signals from the 

notochord (fibroblast growth factor (FGF) and Activin βB) are 

involved in down regulation of Shh in the endoderm forming the 

dorsal pancreas, and removal of the notochord results in arrested 

pancreatic development (Hebrok et al., 1998). The lateral plate 

mesoderm has been suggested as the source for retinoic acid and 

FGF that down regulate Shh in the ventral endoderm, which will form 

the ventral pancreas and liver (Kumar et al., 2003). The evagination 

process is followed by proliferation, branching, and differentiation of 

the pancreatic epithelium into ductal, exocrine, and endocrine cells. 

As the gut tube turns, the dorsal and ventral pancreas will fuse to 

form a single organ. In light of the diseases mentioned above, 

pancreatic development has received a lot of attention and the genes 

involved in initiation of pancreatic development and differentiation of 

endocrine and exocrine cells have been thoroughly investigated. 

3.3.1 Transcriptional regulators during pancreatic 

transcription factors have been shown to be involved 

in di

of the first markers expressed in the 

deve

development 

Numerous 

fferent steps of pancreas formation and differentiation. Below 

follows a brief summary of a selection of important genes for 

pancreas development. 

Ipf1/Pdx1 is one 

loping pancreas (~e8.5) and is required for further pancreatic 

development after bud formation (Ahlgren et al., 1996). The initial 

expression of Ipf1/Pdx1 is down regulated at around e10.5 and 

reappears in the differentiating β-cells where it is required for insulin 
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production and β-cell function (Ahlgren et al., 1998; Ohlsson et al., 

1991). 

The homeobox gene Hlxb9 (encoding Hb9) is another 

trans

meo domain transcription factor Isl1 is expressed in 

term

x-loop-helix (bHLH) transcription factor 

Neur

 Hb9, Pax4 is transiently expressed in the 

early

cription factor transiently expressed during early pancreas 

development. Expression of Hb9 is detected before Ipf1/Pdx1 (~e8), 

and diminishes at around e10, to reappear in the differentiating β-

cells. Hb9 is required for formation of the dorsal pancreatic bud, but 

not the ventral. Furthermore, Hb9 is required for terminal 

differentiation of β-cells (Harrison et al., 1994; Harrison et al., 1999; 

Li et al., 1999). 

The LIM ho

inally differentiated endocrine cells as well as the mesenchyme 

surrounding the dorsal pancreas. Gene inactivation studies suggest a 

dual role for Isl1 in pancreas development. Isl1 is essential for the 

formation of dorsal pancreatic mesenchyme and is also required for 

development of pancreatic endocrine cells (Ahlgren et al., 1997; 

Karlsson et al., 1990).  

The basic heli

ogenin 3 (Ngn3) is a marker for pancreatic endocrine 

progenitors. Gene inactivation studies have pointed out the 

importance of Ngn3 for formation of the endocrine pancreas. In Ngn3 

deficient mice, no expression of endocrine markers and hormones 

can be detected and pancreatic endocrine cells fail to develop 

(Gradwohl et al., 2000). 

Similarly to Ipf1 and

 pancreas (starting ~e9.5) and later in differentiating β-cells, but 

it is not as highly expressed in mature β-cells (Larsson et al., 1998; 

Sosa-Pineda et al., 1997). Pax4 has been suggested to be involved 
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in β-cell fate decision and its deficiency results in very low β-cell 

numbers and more α-cells are formed (Dohrmann et al., 2000; Sosa-

Pineda et al., 1997; Wang et al., 2004). Pax6 is expressed in 

endocrine cells as they appear and is maintained throughout adult 

life (Sander et al., 1997; St-Onge et al., 1997; Walther and Gruss, 

1991). Pax6 is implemented to regulate proliferation of endocrine 

cells and deficiency in this gene results in reduced endocrine cell 

number (St-Onge et al., 1997). 

Members of the Nkx family also contribute to pancreatic 

deve

-exocrine bHLH transcription factor Ptf1a (p48) is a 

mark

lopment. Nkx2.2, Nkx6.1, and Nkx6.2 are all expressed in the 

developing pancreas. Nkx6.2 is expressed in a relatively large area 

of the midgut and can be detected in pancreatic buds, part of the 

duodenum, and gastric pyloric antrum (Alanentalo et al., 2006; 

Pedersen et al., 2005). Nkx2.2 is already detected at e9.5 and is 

restricted to the pancreatic endocrine cells. Nkx2.2 null mice display 

arrested β-cell development and a reduced number of α- and PP-

cells (Sussel et al., 1998). Pancreatic expression of Nkx6.1 is 

detected at e9-9.5 and becomes restricted to mature β-cells later in 

development. Nkx6.1 null mutants have a reduced number of β-cells 

and Nkx6.2 has been suggested to be up-regulated to compensate 

for loss of Nkx6.1 (Alanentalo et al., 2006; Henseleit et al., 2005; 

Jensen et al., 1996; Oster et al., 1998b; Rudnick et al., 1994). 

Nkx2.2/6.1 double mutants show similar phenotypes as seen in 

nkx2.2 null mice, suggesting Nkx2.2 is upstream of Nkx6.1 (Sander 

et al., 2000). 

The pro

er for pancreatic exocrine cells and its expression is restricted 

to, and is required for formation of, pancreatic exocrine cells 
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(Kawaguchi et al., 2002; Krapp et al., 1998). Ptf1a deficiency results 

in pancreatic hypoplasia due to lack of endocrine pancreas and 

lineage tracing studies have shown that the cells normally forming 

the exocrine pancreas contribute to development of the small 

intestine instead (Kawaguchi et al., 2002). 

Members of the hepatocyte nuclear factor (HNF) gene family 

are s

3.3.2 Intercellular signalling during pancreatic development 

to be

uggested to be involved in pancreatic development. HNF3β is 

expressed in the developing pancreas and can be detected in both 

endocrine and exocrine compartments in adult pancreata. HNF3β 

has been suggested to be required for expression of Ipf1/Pdx1 in the 

pancreas (Wu et al., 1997). HNF3α seems to be involved in glucose 

homeostasis and glucagon gene expression. Mice deficient in HNF3α 

show a 70% reduction or pro-glucagon expression and impaired 

glucose homeostasis, resulting in postnatal death due to 

hypoglycaemia (Kaestner et al., 1999; Shih et al., 1999). HNF6 is 

widely expressed in the early pancreas but becomes restricted to the 

exocrine compartment in late gestation (Landry et al., 1997; Rausa et 

al., 1997). HNF6 has been shown to be required for proper 

development of the pancreatic ductal system (Pierreux et al., 2006). 

Several signalling pathways and molecules have been reported 

 involved in pancreatic development. Signals provided by the 

surroundings give cues and guide the cell(s) towards a certain fate. 

Shh is expressed in the developing endoderm but is excluded from 

the pancreatic epithelium. Ectopic expression of Shh in pancreatic 

epithelium results in a mixed intestinal and pancreatic phenotype. In 

these transgenic mice, both endocrine and exocrine cells are 
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present, but fail to properly 

organize into islets and acinar 

structures (Apelqvist et al., 

1997). 

Th

P P P N N N 2 2 2 

P 

P P P 

P P 

N 

N 

N N 

N D 2 

2 2 2 

2 1 

e Notch signalling

pathw

on progenitor pool. Notch and its 

the pancreatic progenitors. As 

own forms of dimeric 

Activins, homodimeric Activin A (βAβA), homodimeric Activin B 

 

ay is crucial during 

pancreatic development. 

Lateral inhibition (through Notch 

signalling) allows generation of 

several cell types from a comm

ligand Delta are expressed in 

neighbouring cells signal to each other, small differences in the 

expression levels intensify that result in down regulation of Notch and 

up-regulation of Delta in one cell, while the opposite occurs in the 

neighbouring cells (Fig. 3). The cells with higher Delta expression will 

take the primary fate (endocrine differentiation) and continued Notch 

signalling leads to the secondary fate in neighbouring cells 

(proliferation and later on formation of exocrine pancreas). Disruption 

of Notch signalling results in accelerated differentiation of endocrine 

cells and depletion of the progenitor pool in the pancreas, which in 

turn leads to pancreatic hypoplasia and failure to form exocrine 

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

constitutively active Notch signalling by ectopic expression of the 

Notch intracellular domain results in pancreatic hyperplasia since the 

pancreatic progenitors stay in a proliferative state (Hald et al., 2003). 

Activins are dimeric proteins formed from the TGF-β super 

family subunits βA and βB. There are 3 kn

Figure 3. Different cell types can 
be generated from a common 
progenitor pool (P) through lateral 
inhibition. Delta expressing cells 
(D) that take the primary fate (1) 
repress neighbouring Notch 
expressing cells (N) from taking 
the same fate. These cells then 
take the secondary fate (2). 
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(βBβ

r genes (Miki et al., 1992; Ohbayashi et al., 1998). Expression 

of a 

helial development in many organs, 

including the pancreas (Miettinen et al., 2000; Miettinen et al., 1995; 

B), or heterodimeric Activin AB (βAβB). The inhibitory α subunit 

can also form dimeric proteins together with the βA and βB subunits 

to form Inhibin A (αβA) or Inhibin B (αβB) (Ling et al., 1988). 

Follistatin is an inhibitory polypeptide that represses Activin function 

via direct interaction (for a review see (Michel et al., 1993)). Activins 

and Follistatin are expressed in the pancreas and have been 

suggested to play a role in ensuring the correct ratio between 

endocrine and exocrine pancreas (Furukawa et al., 1995a; Miralles et 

al., 1998). In vitro studies suggest Activin is a stimulator of β-cell 

differentiation and insulin secretion whereas, Follistatin represses 

endocrine differentiation (Furukawa et al., 1995b; Miralles et al., 

1998). 

FGF signalling has been implemented in development of many 

organs. There are about 19 members in the FGF family and 4 FGF 

recepto

soluble dominant negative form of FGFR2 IIIb (interfering with 

multiple FGFs) resulted in agenesis and malformation of many 

organs including lungs, thyroid, stomach, and pancreas (Celli et al., 

1998). Interestingly, FGFR2 IIIb, FGF1, FGF7, and FGF10 have all 

been shown to be expressed in the developing pancreas and in vitro 

studies suggest that FGF signalling can partially replace the 

pancreatic mesenchyme and promote proliferation and development 

of exocrine pancreas (Le Bras et al., 1998; Mason et al., 1994; 

Miralles et al., 1999). 

Epidermal growth factor (EGF) signalling has also been shown 

to be involved in pancreatic development and mice deficient in EGF 

signalling display disturbed epit
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Pesc

rs 

have to decide whether to adopt an endocrine or an exocrine fate. As 

 is a key regulator of 

these

hon et al., 1998; Sandgren et al., 1990; Sibilia and Wagner, 

1995; Threadgill et al., 1995; Wang et al., 1997; Zhao et al., 2001). In 

vitro cultured pancreata display increases proliferation and 

decreases endocrine differentiation in the presence of EGF. Hence, 

EGF has been suggested as a regulator of proliferation versus 

differentiation of pancreatic epithelium (Cras-Meneur et al., 2001). 

3.3.3 Endocrine and exocrine cell fates 

During pancreatic development, there is a fine-tuned regulation 

between proliferation and differentiation and pancreatic progenito

mentioned in section 3.3.2, Notch signalling

 events. Notch activity has been shown to inhibit differentiation 

of the pancreatic epithelium and to keep the cells in a proliferative 

state (Edlund, 2001). Continued Notch signalling leads to expression 

of Hes1 (bHLH transcriptional regulator suppressing endocrine fate in 

pancreatic progenitors) which in turn represses Ngn3 expression and 

the cells remain in a proliferative state. In cells with higher Delta 

expression, the level of intracellular Notch is lowered and this allows 

expression of Ngn3 and initiation of endocrine differentiation. Since 

Notch target genes inhibit the functional activity of Ptf1a there seems 

to be a requirement for down regulation of Notch signalling prior to 

exocrine differentiation (Esni et al., 2004). The mechanism by which 

this occurs is unknown, but it could be speculated that depletion of 

Delta expressing cells in the surroundings results in decreased Notch 

activation, allowing initiation of exocrine differentiation.  
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3.3.4 ADAM proteases in pancreatic development 

Many cell surface receptors, growth factors, and cytokines need 

 be processed in order to be activated or released (Hooper et al., 

s shown to 

mediate these processes is the A disintegrin and metalloprotease 

(ADAM) family. ADA

2003

ion or activation of target genes. The 

to

1997; Turner and Hooper, 1999). One family of protease

Ms are multi-domain proteins that posses four 

potential functions: 1) proteolysis via their protease domain; 2) 

adhesion using the disintegrin domain; 3) cell–cell fusion by means 

of a cysteine-rich domain; and 4) cell signalling through the 

cytoplasmic domain (Primakoff and Myles, 2000; Schlondorff and 

Blobel, 1999). Members of the ADAM family have also been shown 

to be involved in cleavage of growth factors and receptors that are 

involved in signalling pathways important for pancreatic development 

(Hartmann et al., 2002; Hinkle et al., 2004; Lee et al., 2003; Lieber et 

al., 2002; Peschon et al., 1998; Sunnarborg et al., 2002). However, 

the pancreatic expression pattern and the role of ADAM proteases in 

pancreatic development have not been thoroughly investigated. 

ADAM9 has been shown to be involved in processing of the 

growth factor HB-EGF involved in EGF signalling and potentially 

mediating cell-cell interaction and adhesion involved in the 

architecture of islets of Langerhans (Izumi et al., 1998; Means et al., 

). However, ADAM9 deficient mice show normal HB-EGF 

processing, suggesting a level of redundancy within the ADAM family 

(Weskamp et al., 2002). 

Upon ligand binding, Notch is required to be cleaved at an 

intracellular and an extra cellular site. This results in release of the 

Notch intracellular domain that “carries” the signal further into the 

cell, leading to repress
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intrac

 

disea

o the circulatory system, and 

contains the innate and adoptive immune systems in separate 

compartments. As the blood flows through the spleen, antigens and 

ellular cleavage site is processed by the protease Presenilin 

(PS) and mice deficient in PS1 and PS2 display a phenotype very 

similar to Notch null mice (De Strooper et al., 1999). In vitro studies 

have shown that ADAMs 10 and 17 are both able to cleave the 

extracellular cleavage site of Notch upon ligand binding, although 

only ADAM10 can process Notch in vivo. In addition, ADAM10 is also 

able to cleave the Notch ligand Delta (Qi et al., 1999; Six et al., 

2003). ADAM10 deficiency is embryonic lethal (at around e9.5), and 

these mice show a similar phenotype as mice deficient in Notch 

signalling. ADAM10 null mice display disrupted development of heart, 

forebrain, somites, and decreased or absent expression levels of 

Notch dependent genes (Hartmann et al., 2002). Finally, ADAM17 

has also been shown to cleave the EGFR ligand TGF-α (Sunnarborg 

et al., 2002) and ADAM17 deficient mice display immature epithelial 

development similar to phenotypes seen in mice deficient in EGF-

signalling (Peschon et al., 1998; Shi et al., 2003; Zhao et al., 2001).  

Pancreatic abnormalities have not been described in any of the 

existing mouse models for ADAMs 9, 10, and 17 (Hartmann et al., 

2002; Peschon et al., 1998; Weskamp et al., 2002). Given the 

described role of ADAM substrates in pancreas development and

se, it would be of obvious interest to investigate the role of 

ADAMs in pancreatic development. 

3.4 Pancreatic development and the spleen 

The spleen shares a close developmental relationship to the 

pancreas, is closely associated t
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pathogens are likely to come in contact with and be recognized by T- 

or B

ound e13-14 the spleen is separated from the 

panc

-cells, leading to their activation. In addition, macrophages 

present in the spleen are involved in removal of particulate matter 

and aged or abnormal red blood cells and platelets. These 

macrophages are also important for recycling iron from the 

haemoglobin in destroyed red blood cells. Furthermore, the spleen 

acts as a blood reservoir that can be discharged in case of trauma or 

haemorrhage when stimulated by adrenalin release or sympathetic 

nerve discharge. 

The spleen is formed from the mesenchyme flanking the dorsal 

pancreatic epithelium at around e11 and splenic markers are already 

expressed at this stage (Patterson et al., 2000). Not much is known 

about the initial signals required for the determination of the splenic 

mesenchyme. Ar

reas and at this stage the organs are connected via a 

mesothelial lining. Interactions between the spleen and the pancreas 

have been described in previous studies. In Ptf1a null mice, as the 

exocrine fails to develop, the endocrine cells of the pancreas are 

found in the spleen (Krapp et al., 1998). Splenic abnormalities in 

mice lacking Hb9 or Ipf1 have not been reported. In these mutants, 

the spleen forms normally although the pancreatic epithelium fails to 

develop. This suggests that the pancreas is not a source for signals 

necessary for splenic development and the information required for 

spleen formation is intrinsic for the splenic mesenchyme (Ahlgren et 

al., 1998; Harrison et al., 1999; Li et al., 1999). 
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3.4.1 Genetic regulation of spleen development 

Several genes (including 

Pbx1, Bapx1, Hox11, Pod1, 

and WT1) have been 

 of interactions between transcription 

pathways appear to be involved in 

e splanchnic mesenchyme adjacent to the 

identified as essential for 

splenic development and 

deficiency in any of these 

genes will lead to impaired 

spleen formation or asplenia 

(Akazawa et al., 2000; Dear et 

al., 1995; Herzer et al., 1999; 

Lettice et al., 1999; Lu et al., 

2000; Selleri et al., 2001; 

Tribioli and Lufkin, 1999). Spleen 

to be dependent on a hierarchy

factors (Fig. 4). Two essential 

spleen development (Brendolan et al., 2005). The first of these 

pathways acts through Nkx2.5, which is regulated by Capsulin 

(Pod1) and targeted mutation of Pod1 results in loss of Nkx2.5 

expression. In the second pathway, Bapx1 acts upstream of Hox11 

and WT1 is downstream of both Hox11 and Bapx1 (Koehler et al., 

2000; Lettice et al., 1999). Both these pathways are dependent on 

Pbx1, that possibly acts in parallel with Pod1 and Bapx1, and Pbx1 

deficiency results in down regulation of Nkx2.5, Hox11, and WT1 

(Brendolan et al., 2005). 

Bapx1 is the mouse homologue to the Drosophila homeobox 

gene bagpipe (bap), and is a member of the Nkx homeobox family. 

Babx1 is expressed in th

Adopted from Brendolan et al 2005 

Figure 4. Bapx1 and Pod1 
represent two different pathways in 
controlling spleen development. 
Pbx1 is the key mediator involved 
in both pathways.

development has been suggested 
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prospective gut endoderm and in the sclerotomal portion of the 

somites (Tribioli et al., 1997). Bapx1 deficient mice show impaired 

formation of the pyloric sphincter as well as vertebral and cranial 

abnormalities (Akazawa et al., 2000; Lettice et al., 1999; Tribioli and 

Lufkin, 1999). The splanchnic mesodermal plate (SMP) is a transient 

organizer that has been shown to be important for left-right symmetry 

in the spleno-pancreatic region. The Bapx1 mutants display disrupted 

left-right asymmetry in the spleno-pancreatic region and Bapx1 has 

been suggested as a regulator of SMP function (Hecksher-Sorensen 

et al., 2004). No other pancreatic phenotypes have been reported in 

Bapx1 mutants. Although Bapx1 deficient mice have been described 

to be asplenic, the fate of the splenic mesenchyme and its influence 

on the spleno-pancreatic region has not been investigated. 
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3.5. Imaging of pancreatic development and disease 

Imaging technologies have been of great importance in 

biomedical research and as our knowledge increases, so does the 

need for new techniques to answer the questions that arise. The 

pancreas, in which the islets of Langerhans are distributed 

throughout the exocrine compartment, is an irregular organ with a 

high degree of branching and lobulation and with strong 

autofluorescent properties. These features, in combination with the 

size of the organ, make it an exceedingly complex organ to analyze 

and visualize. Quantitative and spatial assessment of total β-cell 

mass/volume is one of the key issues in research regarding pancreas 

dysfunction, typically diabetic disorders. Today, the lack of accurate 

techniques makes it difficult to follow processes involved in 

development of disease like autoimmune destruction of β-cells in 

type 1 diabetes and metabolically induced processes in type 2 

diabetes. Research regarding many other organs and diseases (e.g. 

cancer and stroke research) are hampered by similar difficulties. 

Analysis of organs and structures using specific markers or 

histological staining techniques is an important methodology. 

Visualization of small structures and sub compartments in organs 

has been possible with the use of microscopes. Development of the 

confocal microscope was a big leap that permitted more accurate 

description of marker co-expression and much information is now 

available regarding genes and their expression patterns. However, 

there is little 3-dimensional (3D) knowledge about the correlation 

between organs and gene/protein expression, which would aid us in 
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further understanding the dynamics involved between organs and 

tissues during development.  

A commonly used technique for 3D analysis is digital 

reconstruction of serial sections, where images from each section are 

aligned to reconstruct a 3D illustration of the specimen. This 

technique is time consuming and it is difficult to achieve an adequate 

alignment of the pictures to reconstruct small structures. Another 

problem with this method is the high risk of introducing artifacts 

during the sectioning procedure.  

Confocal microscopy utilizes a laser beam to excite 

fluorochromes only in the focal plane in the specimen. A spatial 

pinhole is used to eliminate out-of-focus light in regions outside the 

focal plane. Optical sections are subsequently collected throughout 

the tissue, resulting in a stack of images that can be used for building 

up a high resolution 3D illustration of the scanned specimen. 

Unfortunately, this technique is limited to small specimens and can 

not image through larger samples. In order to analyze a larger 

sample with confocal microscopy, the tissue must be cut in thick 

sections and each section has to be scanned separately. The images 

of the sections can then be aligned to create a full 3D reconstruction 

of the whole sample (Hecksher-Sorensen and Sharpe, 2001). 

Magnetic resonance imaging (MRI) registers and reconstructs 

3D images by combining a radio frequency pulse with a strong 

magnetic field to acquire images of larger samples. Today, MRI is 

used in medicine for visualization of large specimens (i.e. brain or 

even full body scans). In order to scan smaller specimens with MRI, 

the magnetic field used needs to be stronger as the sample size 

decreases resulting in increased costs. Another disadvantage with 
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MRI is its requirement for specially designed markers (routinely used 

staining procedures involving enzyme linked- or fluorochromes 

labelled antibodies can not be visualized with MRI). 

A relatively new 

technique for 3D imaging of 

biological specimen is optical 

projection tomography (OPT) 

(Sharpe et al., 2002). OPT 

utilizes “normal” light and 

when light passes through 

the specimen a series of 

projections are collected from 

different angles. The 

projections of the object can be thought of as a shadow that emerges 

when light passes through the object. The more material the light has 

to pass through, the less light reaches the detector at that particular 

spot. A presentation of the original object can be reconstructed from 

the recorded projections using a back-projection algorithm (Fig. 5). 

The collected data is sufficient to calculate spatial information for 

each point of the object in 3D space. A great advantage with OPT is 

that it allows the use of both fluorescent and coloured dyes, so that 

most of the routinely used staining techniques can be registered 

using OPT. Furthermore, this technique is convenient and cheap (in 

comparison to MRI) and permits fast collection of data. OPT can not 

replace the high resolution of confocal microscopy or scan as large 

sample as in MRI, but rather fills a gap between these two 

techniques. Although OPT represents a giant leap in 3D imaging 

Figure 5. The projections collected in 
a scan are used to reconstruct a 
presentation of the original object. 
(Image constructed by Sharpe J) 
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technology, it has so far been limited to the embryonic scale due to 

high background and poor signal intensity. 

A typical difficulty when performing fluorescent whole mount 

immunohistochemistry is low signal to background ratio. The 

background can either be an intrinsic autofluorescence from the 

tissue or due to the chemicals used during preparation. There are 

several published studies using different approaches to improve the 

signal/background ratio by autofluorescence reduction and improved 

antibody penetration (e.g. H2O2, NaBH4, CuSO4, Sudan black, photo 

bleaching, digital image processing, Pontamine skye blue, and 

CuCl2) (Clancy and Cauller, 1998; Cowen et al., 1985; Csallany and 

Ayaz, 1976; Dowson, 1983; Neumann and Gabel, 2002; Schnell et 

al., 1999; Van de Lest et al., 1995). However, the protocols described 

are mainly used on sections and not whole adult organs. 

Improvement of the signal/background ratio would facilitate the 

use of OPT on larger samples such as adult mouse organs. Use of 

3D imaging techniques would make it easier to compare wt and 

genetically altered animals. 3D imaging would simplify visualization 

and calculation of differences in for example islets of Langerhans 

distribution in wt and transgenic pancreata, or phenotype description 

of other organs and structures. 
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4. Aims of this thesis 

 
• To determine the expression patterns and a potential role for 

ADAMs 9, 10, and 17 during pancreatic development and in 

the adult pancreas. 

 

 

• To determine the developmental interrelationship between the 

spleen and pancreas, and to establish a putative role for 

Bapx1 in controlling the interactions between these organs. 

 

 

• To optimize the use of whole mount immunohistochemistry in 

combination with OPT for analysis of intact adult mouse 

organs such as the pancreas, and explore the possibility of 

using OPT for analysis of pancreas related diseases. 
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5. Results and Discussion 

5.1 Paper I 

5.1.1 Condensation/dislocation of the splenic mesenchyme 
requires Bapx1 function 

Expression of Bapx1 in the spleno-pancreatic region is detected 

in the early stages (e9.5) of development and can only be seen in the 

mesenchyme flanking the dorsal pancreatic bud. Bapx1 expression 

eventually becomes restricted to a more leftward position and by 

embryonic day 12.5 (e12.5) Bapx1 is expressed in the spleen anlage 

but not in the pancreatic mesenchyme. As mentioned in section 3.4, 

the spleen forms as a mesenchymal condensation within the dorsal 

mesogastrium adjacent to the stomach and dorsal pancreas. The 

spatial relationship between the spleen and pancreas during 

development in wt and Bapx1 −/− embryos was examined using 

OPT. This allowed analysis of the specimen by 3D interactive 

visualization as well as virtual tomographic 2D sections at desired 

angles. By comparative 

analysis of the gut region 

between wt and mutant 

embryos the presence of 

splenic mesenchyme in 

Bapx1 null embryos at e11.5-

12.5 could be shown. This 

finding indicates that in 

Bapx1 deficient mice the 

asplenic phenotype was not due to the mesenchyme being 

Figure 6. The splenic mesenchyme 
in Bapx1 -/- embryos fails to 
condense (B) as it happens in wt 
Embryos (A). 
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unavailable for spleen formation. In normal spleen development, the 

splenic mesenchyme condenses and dislocates from the pancreas 

(Fig. 6A). In contrast, splenic mesenchyme in Bapx1 -/- mice fails to 

condense and resides in the proximity of the pancreas as loose 

unorganized cells covering the spleno-pancreatic region (Fig. 6B). As 

described by Brendolan and co-workers, Pbx1, Pod1, and Nkx2.5 are 

expressed early in the splenic mesenchyme of Bapx1 deficient mice 

(Brendolan et al., 2005). These observations support the hypothesis 

that asplenia in Baxp1 null mice is not due to splenic mesenchyme 

not forming and that Bapx1 is not required for initiation of a “splenic 

program”, but is essential for the condensation/dislocation process . 

5.1.2 Transformation of pancreatic epithelium in Bapx1 
deficient mice 

Following development of the spleno-pancreatic region in Bapx1 

null mice the presence of cyst-like structures in the region where the 

spleen normally is formed were detected at around e14. These 

structures were composed of an epithelial layer (positive for 

endodermal marker HNF3β), surrounded by mesoderm, and 

separated from the stomach. Despite the position of the cyst like 

structures and expression of splenic markers in the Bapx1 -/- splenic 

mesenchyme, the cysts did not display any splenic functional 

characteristics. Using endodermal and epithelial markers (HNF3β 

and E-cadherin), it was shown that the cysts form as a continuation 

of the pancreatic epithelium growing into the Bapx1 deficient splenic 

mesenchyme. To determine the nature of origin of this epithelium 

expression of pancreatic markers expressed during different time 

points of pancreatic development were investigated. Surprisingly, no 
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pancreatic markers could be detected in the epithelium of the cysts, 

suggesting a loss of pancreatic identity in the transformed epithelium. 

In order to characterize the 

properties of these cystic 

structures, a series of screens 

looking for other gastrointestinal 

markers and features were 

performed. The stomach and 

small intestine are composed of 

an epithelium surrounded by 

mesenchyme which is organized into a bi-layer of smooth muscle. 

The bi-layer is intercalated with interstitial cells of Cajal (ICC), which 

have been suggested to mediate the peristaltic movements of the gut 

(Huizinga et al., 1995). Our observations revealed high similarities 

between the cysts seen in the Bapx1 deficient mice and gut. The 

epithelial part of the cysts was surrounded by a bi-layer of smooth 

muscle, intercalated with cKit positive cells (a marker for ICCs) 

(Bernex et al., 1996; Huizinga et al., 1995). The ICCs found in the 

cysts were physiologically active and peristaltic movements could be 

observed when isolated cysts were cultured in vitro (Fig. 7). 

Figure 7. In vitro cultured cysts 
display contractile movements. 
A, fully dilated and B, fully 
contracted cyst.

As mentioned in section 3.3.2, Shh is excluded from the 

pancreatic epithelium and ectopic expression of Shh results in a 

mixed intestinal/pancreatic phenotype. In addition, Shh expression 

can also induce differentiation of smooth muscle in the adjacent 

mesenchyme (Apelqvist et al., 1997). Interestingly, expression of Shh 

(but not Ihh) could be detected in the epithelium of the cysts formed 

in the Bapx1 null embryos. Furthermore, the Shh receptor Patched 

(Ptc) was expressed in the mesenchyme surrounding this epithelium, 
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indicative of active Shh signalling. These results implied that the 

pancreatic epithelium in the Bapx1 -/- embryos was transformed, so 

that expression of pancreatic markers was lost and instead, both 

morphological and functional features of gut were developed. Using 

linage tracing studies, Kawaguchi et al. could observe that pancreatic 

progenitors in Ptf1a null mice contribute to intestinal development 

(Kawaguchi et al., 2002). Similarly, our results showed loss of 

pancreatic identity (and pancreatic markers such as Ptf1a and 

Ipf1/Pdx1) and the competence to adopt a new/alterative gut like fate 

in pancreatic epithelium. 

5.1.3 Proximity of splenic mesenchyme induces 
transformation of pancreatic epithelium 

Two possible explanations for the transformation of pancreatic 

epithelium in the Bapx1 null embryos could be: 1) lack of early 

expression of Bapx1 in the spleno-pancreatic mesenchyme around 

the time when the pancreatic buds form results in inappropriate 

signalling (gain or loss of signal) which later leads to the 

transformation of pancreatic epithelium; or 2) the presence of the 

Bapx1 deficient splenic mesenchyme in close proximity of the 

pancreas induces this transformation. The explant recombination 

technique was used to address these questions. When wt pancreatic 

epithelium (wPE) was co-cultured with wt pancreatic mesenchyme 

(wPM), normal pancreatic development was observed and both 

endocrine and exocrine cells could be accounted for. Similarly, 

recombinations of Bapx1 deficient pancreatic epithelium (bPE) with 

wPM developed normally (Fig. 8A and B). Therefore, it was shown 

that the transformation of pancreatic epithelium observed in Bapx1 
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null embryos was not caused by absence of Bapx1 in the dorsal 

pancreatic mesenchyme at early stages. Furthermore, it was also 

excluded that the ability to transform was intrinsic to the Bapx1 

deficient pancreatic epithelium. However, recombining wPE with 

Bapx1 deficient splenic mesenchyme (bSM) resulted in formation of 

cystic structures in about half of the explants (Fig. 8C). Similar to the 

in vivo results, no pancreatic markers could be detected in the 

transformed pancreatic epithelium of these explants. 

Figure 8. Transformation of the pancreatic epithelium in vitro. A-B, 
normal pancreatic development can be seen when wPE and bPE were 
recombined with wPM. C and E, formation of cystic structure was 
observed in explants where wPE was co-cultured with bSM or wSM. D, 
in vitro cultured cysts (isolated from Bapx1 deficient embryos) showed 
gut like characteristics, including contractile movements. 

Functional intestinal like features (such as contractile 

movements) could be observed when isolated cysts from e14.5 

Bapx1 null embryos were cultured in vitro (Fig. 7 and 8D). Similarly, a 

subset of cysts formed in explants where wPE was co-cultured with 

bSM showed contractile movements. Furthermore, Shh expression 

could be detected in the in vitro cultured isolated cysts, as well as in 

the more pronounced cysts found in wPE/bSM recombinations. 

These observations implied that the transformation was caused by 

faulty interaction between the pancreatic epithelium and splenic 

mesenchyme. 
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Even though it was demonstrated that the proximity of the 

splenic mesenchyme to the pancreatic epithelium appeared to cause 

the transformation, the mechanism for this was not revealed. It is 

possible that the transformation was due to genetic properties in the 

Baxp1 deficient splenic mesenchyme (due to Bapx1 deficiency). 

Another potential explanation can be that the proximity of splenic 

mesenchyme (wt or mutant) to the pancreas was sufficient for 

transformation of the pancreatic epithelium. Surprisingly, explant 

recombination of wPE co-cultured with wt splenic mesenchyme 

(wSM) showed a striking resemblance to wPE/bSM explants, where 

cyst like structures were formed (Fig. 8E). Similar to the cysts formed 

in wPE/bSM recombinations, the transformed epithelium in 

wPE/wSM explants did not express any pancreatic markers. 

However, alike the less severe wPE/bSM recombinations, no Shh 

expression could be detected in wPE/wSM explants. These 

observations suggested that the transformation was not due to 

properties of the Baxp1 deficient splenic mesenchyme, but instead 

faulty organ positioning between the pancreas and the spleen by 

itself (possibly controlled by Bapx1) resulted in an inappropriate 

proximity between these organs. This in turn caused transformation 

of the pancreatic epithelium. 

In vitro pancreas cultivation from e12.5 embryos in the presence 

of Activin A induces formation of cystic structures in a dose 

dependent manner. In addition, the transformed pancreatic 

epithelium shows expression of Shh but not any pancreatic markers 

(van Eyll et al., 2004). Moreover, Activin A induced cysts described in 

this study exhibited contractile movements and showed striking 

similarities to the cystic structures observed in the Bapx1 -/- 
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embryos. In light of these observations, Activin A expression in the 

splenic mesenchyme of wt and Bapx1 null embryos was investigated. 

Both wt and Bapx1 deficient splenic mesenchyme showed transcripts 

of Activin A which, together with results by van Eyll et al. (2004) 

suggested short range Activin A signalling from the splenic 

mesenchyme to be a good candidate in transformation of the 

pancreatic epithelium also in our system. 

5.1.4 Bapx1 is required for normal organ positioning during 
spleno-pancreatic development 

 In previous reports describing asplenic phenotypes in mice, 

transformation of pancreatic epithelium (as it appears in the Bapx1 

null embryos) has not been reported. In Hox11 deficient embryos, 

spleen development seems to proceed normally until e12.5, including 

condensation and dislocation from the pancreas. Nevertheless, at 

e13.5 the developing spleen in Hox11 -/- is not anatomically 

detectable and a high degree of apoptosis is observed in this region 

(Dear et al., 1995; Kanzler and Dear, 2001). Similarly, in Pod1 

deficient embryos initial spleen development appears to be normal 

up to e12.5 and both Hox11 and Bapx1 can be detected in the 

splenic mesenchyme. However, the splenic mesenchyme does not 

expand after e12.5 and displays high apoptotic activity (Lu et al., 

2000). The spleen in Pbx1 and WT1 null mice appears to initially 

develop normally, but fails to develop further (Brendolan et al., 2005; 

Herzer et al., 1999). Taken together, these results imply that the 

splenic mesenchyme is not presented in close proximity to the 

pancreas around e13-e14.5 in other asplenic mouse models (i.e. the 
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time when the pancreatic epithelium is transformed in the Bapx1 

system) as it is in the Bapx1 -/- embryos. 

Thus, during normal development there is a requirement for a 

tight regulation of organ-positioning to ensure normal spleno-

pancreatic development (Fig. 9 A-C). To date, Bapx1 is the only 

described transcription factor involved in spleen development that 

appears to have a role in organ-positioning. Hence, it appears that in 

Bapx1 -/- mice inappropriate interactions between the developing 

spleen and pancreas allow agitating signals from the spleen (possibly 

Activin A) that perturb normal pancreatic development. This results in 

transformation of the pancreatic epithelium (Fig. 9 A’-D’). 

Figure 9. The splenic mesenchyme in Bapx1 null embryos fail to 
condense and dislocate from the pancreas (A’-B’) as occurs in wt 
embryos (A-C). Signals from the splenic mesenchyme induce Shh 
expression in the adjacent pancreatic epithelium, leading to formation of 
a gut like cystic structure (B’-D’). 

Some questions that still need to be addressed regarding the 

transformation of the pancreatic epithelium described in our study 
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are: 1) is it possible for cells that are already determined to take an 

endo- or exocrine fate to transform into intestinal tissue; or 2) could 

the observed transformation be the result of multi-potent pancreatic 

progenitors taking an alternative path then the pancreatic one? In 

Ptf1a null mutants, the pancreatic endocrine cells migrate and invade 

the spleen, but there are no reports of cyst formation similar to the 

ones seen in Bapx1 null embryos in these mice. This implies that the 

endocrine cells are not the origin of the transformed pancreatic 

epithelium in the Bapx1 deficient mice (Krapp et al., 1998). 

It would also be of interest to determine the mechanism for the 

transformation of pancreatic epithelium in the Bapx1 -/- embryos. 

Activin A alone is able to induce a similar transformation in vitro (van 

Eyll et al., 2004). However, further studies are required to determine 

the mechanism of transformation in the Bapx1 system (and thereby, 

to also confirm the role of Activin A in vivo). Shh has been implied to 

be involved in formation of pancreatic cancers and there are several 

case reports describing splenic ruptures due to invasive growth of 

pancreatic cancers into the spleen (Smith et al., 2004; Thayer et al., 

2003; Yettimis et al., 2003). Although speculative at this point, it is 

possible that the pancreatic transformation seen in these patients is 

caused by an initial abnormal interaction between the spleen and the 

pancreas. The importance of organ-positioning and the requirement 

for control and restriction of interactions between organs for normal 

development have not been clearly emphasized in previous studies. 

However, the results presented here open the possibility that atypical 

interaction(s) between organs can induce defective programs 

resulting in an abnormal phenotype or disease. 
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5.2 Paper II  

5.2.1 Expression of ADAM proteins in the pancreas 

Given the involvement of substrates for ADAMs 9, 10, and 17 

in pancreatic development (see section 3.3.4), we wanted to 

investigate the expression pattern and possible function of these 

ADAM proteases. All three investigated ADAMs were already 

expressed in the early pancreatic buds at e9.5. ADAM9 and 17 (but 

not ADAM10) were also detected in the surrounding mesenchyme. 

The early endocrine cells at this stage were positive for all three 

ADAMs, although a substantial number of glucagon positive cells 

displayed low or absent ADAM10 expression. Later in development 

(around e12.5), the ADAM10 expression level was very low or absent 

in the endocrine compartment and could mainly be detected in the 

exocrine cells. In contrast, ADAMs 9 and 17 continued to be 

expressed in exocrine and endocrine cells throughout the pancreatic 

epithelium. This expression pattern was observed for all three 

ADAMs up to around e17.5. At this point major changes were seen in 

their expression. ADAMs 9 and 17 started to be down regulated in 

the exocrine pancreas and by postnatal day 1 (P1), expression of 

ADAMs 9 and 17 was detected in endocrine pancreas and 

diminished from the exocrine compartment of the pancreas. ADAM10 

showed the most striking changes in expression pattern and started 

to become up regulated in endocrine cells, and by P1 ADAM10 

immuno-reactivity could be detected in α-, β-, and δ-cells. At this 

point ADAM10 was expressed at lower levels in the exocrine 

compartment and showed a membrane bound staining pattern. In the 

adult pancreas, ADAM9 was further restricted and could only be 
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detected in insulin producing β-cells. ADAM17 continued to be 

expressed in all endocrine cells in adult mice. The ADAM10 staining 

pattern in the adult pancreas displayed a membrane bound 

expression pattern in both endocrine and exocrine pancreas. 

5.2.2 ADAM proteins in pancreatic development and 
disease 

ADAM9 has previously been suggested as a putative 

prognostic factor in pancreatic ductal cancers (Grutzmann et al., 

2004). Using Dolichos biflorus agglutinin (DBA) lectin as a ductal 

marker, it was shown that in addition to ADAM9, ADAMs 10 and 17 

were expressed in both e15.5 and adult pancreatic ducts, displaying 

a membrane bound staining pattern. Altered expression levels of 

ADAMs in pancreatic cancers (or cancers in general) are of particular 

interest since they are involved in cell adhesion and have proteolytic 

activity. These two features could be involved in tumour migration, 

which could explain why altered expression levels of ADAMs could 

lead to worse prognosis. Furthermore, the role of growth factors in 

tumour genesis and prognosis suggests another possible role for 

ADAM proteins in tumour biology, namely processing of the ligands 

and receptors mediating signals. 

Given the involvement of ADAM10 in Notch signalling during 

development of other organ systems, we decided to investigate the 

role of ADAM10 during pancreatic development in ADAM10 deficient 

mice. ADAM10 null mice display disrupted development of heart, 

forebrain, and somites and die at approximately e9.5 (Hartmann et 

al., 2002). Preliminary results also suggested abnormal development 

of the early pancreas. The pancreatic bud in e9 ADAM10 null 
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embryos appeared to mainly consist of endocrine cells, but these 

findings need to be confirmed. The presence of endocrine cells at 

this stage raises the possibility that in ADAM10 null mutants, Ngn3 is 

allowed to be expressed and the formation of endocrine cells 

depletes the progenitor pool. This in turn would lead to pancreatic 

hypoplasia in these mice. However, the pancreatic hypoplasia in 

ADAM10 null mice has not been confirmed and an investigation of 

the later aspects of pancreatic development in ADAM10 -/- embryos 

due to embryonic lethality at e9.5 remains to be carried out. The 

observed phenotype in ADAM10 null mice is very similar to mutants 

with an inactive Notch signalling pathway, indicating a role for 

ADAM10 in the notch signalling pathway. Addressing these 

questions would require in vitro cultivation of pancreatic buds from 

ADAM10 deficient embryos, or generation of a conditional ADAM10 

knock out using pancreatic specific promoters. Taken together, three 

factors putatively involved in controlling intercellular signalling during 

pancreatic development and disease have been presented. 
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5.3 Paper III 

5.3.1 Improved OPT imaging allows 3D visualization and 
quantification of adult pancreas 

OPT is a powerful 3D imaging technique for visualization of 

large biological samples. In order to explore the full potential of OPT, 

we tried to improve the sample signal to background ratio. To 

achieve this, different combinations of already described techniques 

for background reduction were investigated on various adult mouse 

organs (including heart, liver, brain gluteus muscle, and pancreas). It 

was concluded that treatment of the tissue with 15% H2O2 and 15% 

DMSO was a highly efficient way to reduce autofluorescence. In 

addition to decreased background, improved antibody penetration 

was crucial in order to achieve a more even signal throughout the 

sample. This was successfully carried out by freeze-and-thaw 

treatment of the tissue before the staining protocol in combination 

with the use of 5% DMSO during the antibody incubation steps. 

Together, these modifications increased the quality of the staining as 

well as the signal to background ratio in the samples. 

OPT scans of tissues prepared with the developed protocol 

showed a dramatic improvement in signal to noise ratio. However, 

Figure 10. Using special software the background channel (b) can be 
reduced from the channel where the actual signal is (a) to produce a 
new image with only the real signal (c). 
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the resulting tomographic sections still experienced residual 

autofluorescence from the outer edge of the samples and blood 

vessels (Fig. 10a). This residual autofluorescence was not only 

observed in the channel with the signal, but also in other investigated 

channels (Fig. 10a and b). To solve this problem, the samples were 

scanned in two wavelengths to produce an image channel of the 

staining and a “background channel”. These scans were then used in 

specially designed software to reconstruct a new image by 

subtracting the “background channel” from the actual staining which 

could then be used for analysis (Fig. 10). The improvements in tissue 

preparation and staining protocols in combination with the digital 

background subtraction allowed 3D segmentation of the voxel data 

providing information on position, shape, 

and size of the insulin labeled islets.  

By comparing virtual sections 

achieved by OPT with images collected by 

confocal microscopy it was possible to 

identify and match the labelled islets 

between the two techniques and thereby, 

confirm the reliability of the data obtained 

by OPT imaging. Hence, this made it 

possible to create 3D reconstructions and 

to perform volume calculations on 

specifically labelled structures within 

whole mouse organs (such as the 

pancreas). We could hereby show that the 

islets of Langerhans are not distributed eve

type pancreata. Instead, larger islets appear to be concentrated to 

Figure 11. Main part of 
the larger islets of 
Langerhans are located 
towards the core of the 
pancreas.  

nly throughout the wild 
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the core of the pancreas, while the smaller islets are located more 

peripheral (Fig. 11). Determining full, true volume distribution can be 

a requirement when analyzing pancreatic phenotypes in different 

mouse model systems. To exemplify, it was shown that the majority 

of the islets in the pancreas of an 8 weeks old NOD mouse consisted 

of small islets. The large islets provide the main part of the β-cell 

volume, and half of the total β-cell volume was provided by 

approximately 8% of the total islet count. 

5.3.2 “Quantifying diabetes” - OPT and the NOD model 
system 

s of 

 β-cells, resulting in insufficient production and release of 

insulin

dies, a pilot study in the NOD model system was performed. 

By c

In NOD mice an autoimmune reaction leads to los

pancreatic

 and development of diabetes (Anderson and Bluestone, 

2005).  

To examine the viability of the developed technology for large 

scale stu

omparing overt diabetic NOD mice and their non-diabetic 

siblings, a lower total β-cell volume in diabetic mice as compared to 

the non-diabetic littermate was observed. Also, variations in 

pancreata between different individuals in terms of islet number and 

islet size distribution were measured. Nevertheless, the deciding 

factor whether or not disease developed appeared to be the total β-

cell volume and not the number of insulin producing islets in the 

pancreata. Looking at the spatial distribution of the islets in NOD 

pancreata, the peripheral smaller islets appeared to be the first to be 

targeted by the autoimmune attack. However, this could also be a 

result of smaller islets disappearing faster because of their initial 
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smaller size. These results indicate that OPT is likely to facilitate 

large scale studies on the progress of islet breakdown in NOD mice, 

helping to understand the dynamics of this disease.  

In our pilot study an exact threshold level could not be defined 

for the β-cell volume required to prevent overt diabetes from 

developing due to the limited number of animals. However, the data 

demonstrated the potential and convenience of OPT for such studies. 

Phenotypic analysis of other model systems for pancreatic 

development and disease should be possible to investigate in a 

similar manner. OPT will also possibly help to reduce the number of 

animals used in such experiments by maximizing the 2D, 3D, and 

quantitative data collected from each sample. Thus, the improved 

OPT procedure provides a powerful tool that can also be used in 

other research areas including studies of neural circuitry or 

vascularisation of different organs, as well as in cancer research, 

including studies on the effect of drugs on tumour growth and 

screening of pathological biopsies. Development of OPT and the 

ability to use this technique on intact adult mouse organs presents a 

significant technological advance for biomedical research. This tool 

will make the search for answers more efficient in order to solve the 

puzzles on development and disease.  
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6. Conclusions 
• Bapx1 is a coordinator of organ interactions in the spleno-

pancreatic region and Bapx1 deficiency results in 

inappropriate interaction(s), leading to transformation of 

pancreatic epithelium and the splenic mesenchyme to gut like 

tissue. 

 

• ADAMs 9, 10, and 17 are expressed in the developing 

pancreas and may have a role in regulating proliferation 

and/or differentiation of ductal cells, as well as the endocrine 

and exocrine pancreas. 

 

• OPT is a powerful tool to image and quantify substructures in 

adult mouse organs (such as the intact mouse pancreas), 

maximizing the spatial and quantitative data generated from 

each sample in both two and three dimensions. 
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