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Abstract 
Despite vast scientific efforts and an immense improvement of our understanding 

of the regenerative and tumourigenic capacity of pancreatic cells, pancreatic 

disease remains a major health problem, as reflected in the medical complications 

and compromised living standard of diabetes patients and the extremely low 

survival of pancreatic ductal adenocarcinoma (PDAC) patients (Weir et al., 2011, 

Calafiore et al., 2014, Siegel et al., 2016). Pancreatic duct cells have been a 

longstanding focus of life sciences. On the one hand they are proposed to contain 

an adult progenitor population with the plastic potential to give rise to β-cells 

(Bonner-Weir et al., 2010). On the other hand ducts contain a cell of origin for 

PDAC (Bailey et al., 2015)(Ferreira et al., manuscript submitted). Duct cells are 

arranged in an intricate architecture, which is difficult to reconstruct from two-

dimensional tissue sections. This has hampered understanding of duct cell function 

and role, particularly in the diseased pancreas.  

Here, I have developed a technique for rapid molecular interrogation of whole 

mouse pancreas by three-dimensional (3D) confocal microscopy and employed this 

tool to address two important questions related to pancreatic disease. Firstly, I 

determined whether the ductal tree contains an adult progenitor cell and secondly I 

assessed how transformed cells reshape the ductal tree during early PDAC 

progression. 

With the help of genetically engineered mouse (GEM) models I traced the ductal 

lineage in the adult pancreas and found a continuous low-level supply of acinar 

cells from terminal duct cells. Additionally, upon damage of the exocrine pancreas, 

the hepato-pancreatic duct adopted acinar-like characteristics including the 

production of digestive enzymes. These results suggest a segmental 

heterogeneous plasticity of cells in the ductal tree. 

Duct and acinar cells have recently been identified as origins for pancreatic ductal 

adenocarcinoma (PDAC). Using 3D imaging of GEM models, I assessed early 

stages in transformation and PDAC development. I found that duct and acinar cells 

adopted similar cytological properties in the course of transformation, but 

established lesions of distinct morphology. Furthermore, different ductal segments 

originated two distinct lesion types: Whereas intralobular and intercalated ducts 

gave rise to globular lesions, main ducts and interlobular ducts presented 
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exclusively intraductal papillary lesions. Together these results highlight a 

previously unidentified functional heterogeneity of the pancreas ductal tree. 



 

5 

 

Acknowledgement 
First of all, I would like to thank everyone who has and will ever read this thesis. It 

was a challenge for me to leave the bench aside and compose the next 200 pages. 

But the reflection on my observations allowed me to take a step back and put my 

work into perspective, resulting in exciting new ideas and motivations for my 

forthcoming research.  

My research of the last four years would not have been possible without a number 

of people who I would like to acknowledge and say thank you to here. Most of all I 

would like to thank my supervisor Dr. Axel Behrens for his strong scientific 

guidance and support. I am grateful for his trust and for providing me with scientific 

freedom to pursue my own ideas.  

I would like to thank the Adult Stem Cell Laboratory with its current and past 

members and particularly Dr. Catherine Cremona and Dr. Rute Ferreira for critical 

reading of my thesis. My sincerest thanks go to Dr. Rute Ferreira for a plethora of 

discussions and for being a collaborator and most importantly a friend. I would like 

to thank Dr. Rocio Sancho and Dr. Fabio Pucci for collaborations, constructive 

discussions and advice.  

I would also like to thank Dr. Silvanus Alt and Dr. Guillaume Salbreux for our 

collaboration and numerous stimulating discussions.  

Special thanks also go to my Ph.D. committee, Dr. Ilaria Malanchi and Dr. Frank 

Uhlmann for their valuable support and feedback. 

Finally, I would like to thank the LRI and CRICK institutes with their excellent 

research facilities and expertly trained staff who were always there and helpful 

when I sought technical advise. I am especially grateful to the members of the 

following facilities: Dr. Daniel Zicha, Dr. Kurt Anderson and The Light Microscopy 

Facility; The Teams of Sue Watling and Clare Watkins, in particular Roxie Wood, 

and the Biological Research Facility; Dr. Emma Nye, Dr. Bradley Spencer-Dene 

and the Experimental Histopathology Facility and Dr. Ian Rosewell and Transgenic 

Service. I would like to thank UCL, the LRI’s and CRICK’s Academic Office for their 

support and CRUK for funding of my studies. 

Finally, and most importantly, I would like to thank my family, especially my parents 

for stirring and nurturing my curiosity in nature, and my sisters for their love and 

support. 



 

6 

 

Table of Contents 
 

Abstract ............................................................................................................... 3	
Acknowledgement .............................................................................................. 5	
Table of Contents ................................................................................................ 6	
Table of figures ................................................................................................... 8	
List of tables ...................................................................................................... 10	
Abbreviations .................................................................................................... 11	
Chapter 1.	 Introduction .................................................................................. 17	

1.1	 The mammalian pancreas. ................................................................... 17	
1.1.1	 Pancreas architecture. ...................................................................... 17	
1.1.2	 The exocrine pancreas. .................................................................... 21	
1.1.3	 The endocrine gland. ........................................................................ 24	

1.2	 Development and organogenesis of the pancreas. ........................... 25	
1.2.1	 Specification of the pancreatic domain. ............................................ 25	
1.2.2	 Expansion and patterning of the developing pancreas. .................... 31	
1.2.3	 The secondary transition. .................................................................. 32	
1.2.4	 Postnatal development. .................................................................... 36	

1.3	 Stem cells and plasticity within the adult pancreas. ......................... 37	
1.3.1	 Plasticity of the exocrine pancreas. .................................................. 38	
1.3.2	 Regeneration from the endocrine compartment. .............................. 47	

1.4	 Pancreatic Cancer. ................................................................................ 50	
1.4.1	 Genetics of pancreatic cancer. ......................................................... 50	
1.4.2	 Premalignant lesions of the pancreas. .............................................. 53	
1.4.3	 PDAC progression. ........................................................................... 60	
1.4.4	 Cellular origin of PDAC. .................................................................... 61	
1.4.5	 Mouse models of pancreatic cancer. ................................................ 63	

1.5	 Aim of this Thesis ................................................................................. 67	
Chapter 2.	 Materials & Methods .................................................................... 68	

2.1	 Materials ................................................................................................. 68	
2.1.1	 Reagents and Consumables ............................................................. 68	
2.1.2	 Media and Buffers ............................................................................. 72	
2.1.3	 Antibodies ......................................................................................... 75	

2.2	 Methods .................................................................................................. 78	
2.2.1	 Animal work ...................................................................................... 78	
2.2.2	 Cellular and molecular biology .......................................................... 80	
2.2.3	 Statistical analysis ............................................................................. 88	

Chapter 3.	 Results 1 ....................................................................................... 89	
3.1	 Three-dimensional molecular interrogation of the intact pancreas. 89	

3.1.1	 Introduction ....................................................................................... 89	
3.1.2	 A technique for rapid interrogation of intact organs. ......................... 91	
3.1.3	 The pancreas ductal tree. ............................................................... 102	
3.1.4	 3D-IHC-assisted microscopy of the mammary gland, liver and lung.109	

3.2	 Discussion: Three-dimensional interrogation of the intact 
pancreas. ...................................................................................................... 115	

Chapter 4.	 Results 2 ..................................................................................... 118	
4.1	 Pancreas maintenance by the ductal compartment. ....................... 118	



 

7 

 

4.1.1	 Introduction ..................................................................................... 118	
4.1.2	 Physiological β-cell supply from adult pancreatic duct cells. .......... 119	
4.1.3	 Acinar cell maintenance and regeneration by the ductal 
compartment. ............................................................................................. 131	

4.2	 Discussion: A minor role of duct cells in adult pancreas 
homeostasis. ............................................................................................... 150	

4.2.1	 No β-cell neogenesis fom ducts in the adult pancreas. .................. 150	
4.2.2	 Exocrine plasticity of pancreatic ducts. ........................................... 152	

Chapter 5.	 Results 3 ..................................................................................... 156	
5.1	 PDAC morphogenesis. ....................................................................... 156	

5.1.1	 Introduction ..................................................................................... 156	
5.1.2	 Tubular and globular lesions in models of embryonic genetic and 
adult carcinogen-induced tumourigenesis. ................................................ 158	
5.1.3	 Adult acinar-derived lesions. ........................................................... 163	
5.1.4	 Adult duct-derived lesions. .............................................................. 171	

5.2	 Discussion: Distinct localization and morphologies of acinar- and 
duct-derived PDAC precursor lesions. ..................................................... 182	

5.2.1	 Lesions of distinct morphology arise from a different cellular and 
anatomical origin. ....................................................................................... 182	
5.2.2	 The biological and biophysical mechanisms of lesion 
morphogenesis. ......................................................................................... 185	

Chapter 6.	 Concluding remarks .................................................................. 189	
Chapter 7.	 Appendix .................................................................................... 192	
Reference List ................................................................................................. 194	



 

8 

 

Table of figures 
 

Figure 1 – Illustration of the mammalian pancreas. ................................................ 18	
Figure 2 - Architecture of the pancreas. ................................................................. 20	
Figure 3 - The pancreas ductal system. ................................................................. 22	
Figure 4 - Specification of the pancreatic domains. ................................................ 27	
Figure 5 - Specification of bile duct and ventral pancreas. ..................................... 30	
Figure 6 - The secondary transition. ....................................................................... 35	
Figure 7 - Plasticity in the adult pancreas. .............................................................. 49	
Figure 8 - Histological presentation of PanIN lesions. ............................................ 54	
Figure 9 - Histological presentation of IPMN. ......................................................... 56	
Figure 10 - Histological presentation of MCN. ........................................................ 58	
Figure 11 - Histological presentation of AFL. .......................................................... 59	
Figure 12 - PDAC cellular origin and premalignant lesions. ................................... 62	
Figure 13 - Whole pancreas clearing by 3D-IHC and alternative techniques. ........ 95	
Figure 14 – Molecular interrogation of the clarified pancreas. ................................ 99	
Figure 15 – Preserved pancreas integrity after 3D-IHC. ....................................... 101	
Figure 16 - Architecture of the pancreatic ductal system. ..................................... 104	
Figure 17 - Cytological characteristics of ductal segments. .................................. 107	
Figure 18 - Three-dimensional interrogation of the mammary gland. ................... 110	
Figure 19 - Three-dimensional interrogation of the liver. ...................................... 111	
Figure 20 - Three-dimensional analysis of the lung. ............................................. 113	
Figure 21 – Segmental architecture of the mouse pancreatic ductal tree. ........... 117	
Figure 22 - Characterization of duct-lining β-cells. ............................................... 120	
Figure 23 - Hnf1β-CreERT2 mediated recombination in δ-cells. ............................. 123	
Figure 24 - No physiological β-cell supply from pancreatic ducts. ........................ 126	
Figure 25 - No de-novo formation of duct-lining β-cells. ....................................... 129	
Figure 26 - Physiological acinar cell supply from an adult ductal source. ............ 133	
Figure 27 – Age-dependent expansion of duct-derived acinar cells. .................... 136	
Figure 28 - Acinar-like cells in the hepato-pancreatic duct. .................................. 139	
Figure 29 - Amylase secretion by the hepato-pancreatic duct in pancreatitis. ..... 143	
Figure 30 - Generation of the Ela1-mTq mouse strain. ........................................ 146	
Figure 31 - Acinar cell labelling in the Ela1-mTq mouse. ..................................... 149	



 

9 

 

Figure 32 - Plasticity of the adult pancreas. .......................................................... 155	
Figure 33 - Lesion morphologies in a model of embryonically induced PDAC. .... 159	
Figure 34 - Morphology of DMBA-induced pancreatic cancer. ............................. 161	
Figure 35 - Ductal connection of acinar-derived lesions. ...................................... 165	
Figure 36 - PanIN progression along ductal routes. ............................................. 169	
Figure 37 - Duct-derived carcinoma and lesion morphologies. ............................ 173	
Figure 38 - Progression of duct-derived lesions. .................................................. 176	
Figure 39 - Lesion morphology depends on lesion localization. ........................... 180	
Figure 40 - Pancreas pre-neoplastic lesions. ....................................................... 184	
Figure 41 - Ductal deformation in silico in the 3D vertex model ........................... 188	
 



 

10 

 

List of tables 
 

Table 1 - Cre-lines for pancreas lineage restricted gene-editing. ........................... 43	
Table 2 - Summary of experimental pancreatic regeneration. ................................ 46	
Table 3 - Prenatal mouse models of pancreatic cancer. ........................................ 64	
Table 4 - Mouse models of pancreatic cancer in the adult. .................................... 66	
Table 5 - Primary antibodies ................................................................................... 75	
Table 6 - Secondary antibodies .............................................................................. 77	
Table 7 - Primers for Ela1-3SP3-probe .................................................................. 85	
Table 8 - Primers for copy number integration analysis ......................................... 86	
 



 

11 

 

 Abbreviations 
 

3D   Three-dimensional 

3D-IHC   Three-dimensional immunohistochemistry  

AB    Alcian blue 

a.b.    Arbitrary units 

ABC    Avidin-Biotin Complex 

ACC    Acinar cell carcinomas 

ADM    Acinar-to-Duct metaplasia 

ALDH    Aldehyde dehydrogenase 

AqM   Aqueous mounting medium 

AR   Antigen retrieval 

ATP    Adenosine triphosphate 

BMP    Bone morphogenetic protein 

bp    base pairs 

CAII    Carbonic anhydrase II 

CCK    Cholecystokinin 

CD    Cluster of differentiation 

cDNA    Complementary DNA 

CDKs    Cyclin-dependent kinase 

CDKN2A   Cyclin-dependent kinase Inhibitor 2A 

cJun    Cellular Jun 

CK    Cytokeratin 

CLARITY  Clear lipid-exchanged acrylamide-hybridized rigid 

imaging/immunostaining/in-situ hybridization-compatible tissue-hydrogel  

Cpa    Carboxypeptidase A 

Cre    Cre recombinase 

CSC    Cancer stem cell 

CT    Computed tomography 

CTSE    Cathepsin E 

CUBIC   Clear, unobstructed brain imaging cocktails  

CXCR4   C-X-C chemokine receptor type 4 

DBA    Dolichos biflorus agglutinin 



 

12 

 

ddH2O   Double distilled water 

Dll1    Delta-like gene 1 

DMBA   7,12-dimethylbenz(a)anthracene 

DMEM   Dulbecco’s modified eagles’s medium 

DNA    Deoxyribonucleic acid 

dNTPs   Deoxynucleotide triphosphates 

DPC4    Deleted in pancreatic carcinoma locus 4 

DSL    Delta Serrated Lag2 

DT    Diphtheria toxin 

DTR    Diphtheria toxin receptor 

EDTA    Ethylenediaminetetraacetic acid 

EGF-LR   Epidermal growth factor -like repeats 

EGFR    Epidermal growth factor receptor 

Ela1    Elastase I 

EMT    Epithelial to mesenchymal transition 

EpCam   Epithelial cell adhesion molecule 

ER    Oestrogen receptor 

ESA    Epithelial-specific antigen 

FACS    Fluorescent activated cell sorting 

FBP    F-box protein 

FBW7    F-box and WD repeat domain containing-7 

FCS    Foetal calf serum 

FGF    Fibroblast growth factor 

Foxn1    Forkhead box protein N1 

FTKrt19  Fbw7 lox/lox : R26-CAG-tdTomato : Krt19-CreERT 

g    Gram 

GAP    GTPase-activating protein 

GDF    Growth and differentiation factor 

GDP    Guanosine diphosphate 

GEF    Guanine nucleotide exchange factor 

GEM    Genetically engineered mouse 

GF    Growth factor 

GFP    Green fluorescent protein 

GRB2    Growth factor receptor binding 



 

13 

 

GSI    ɣ-secretase inhibitor 

GTP    Guanosine triphosphate 

HE    Hematoxylin and eosin 

Her-2/Neu   Human epidermal growth factor receptor 2 

Hes1    Hairy/Enhancer of Split-1 

HMAR   Heat mediated antigen retrieval 

Hnf1β    Hepatocyte nuclear factor-1-beta 

iDISCO  Immunolabeling-enabled three-dimensional imaging of 

solvent-cleared organs  

IF    Immunofluorescence 

IHC    Immunohistochemistry 

IgG    Immunoglobulin G 

IMS    Industrial methylated spirit 

IP    Intraperitoneal 

IPMN    Intraductal papillary mucinous neoplasm 

ITPN    Intraductal tubular papillary neoplasm 

Kb    Kilo base pairs 

KC    LSL-KrasG12D : Pdx1-Cre 

KFTKrt19  LSL-KrasG12D : Fbw7 lox/lox : R26-CAG-tdTomato : Krt19-

CreERT 

KFYKrt19  LSL-KrasG12D : Fbw7 lox/lox : R26-EYFP : Krt19-CreERT 

KPC    LSL-KrasG12D : p53 lox/lox or lox/+ (specified) : Pdx1-Cre 

KPTE    LSL-KrasG12D : p53 lox/+ : R26-CAG-tdTomato : Ela1-CreERT2 

KTKrt19  LSL-KrasG12D : R26-CAG-tdTomato : Krt19-CreERT 

LKB1    Liver kinase B1 

LNR    LIN-NOTCH repeats 

LOH    Loss of heterozygosity 

LRI    London Research Institute 

LSL    loxP-Stop-loxP 

m    Murine 

M    Molar 

MAML   Mastermind-like 

MCN    Pancreatic mucinous cystic neoplasm 

MDM2   Mouse double minute 2 homolog 



 

14 

 

MEN1    Multiple endocrine neoplasia type 1 

mg    Miligram 

ml    Mililitre 

mM    Milimolar 

Mmp7    Matrix metalloproteinase-7 

MRI    Magnetic resonance imaging 

MRP1    Motility related protein 1 

MS   Methyl salicylate 

mTq   monomeric Turquoise protein 

Muc    Mucin 

n.a.    Not applicable 

NA   Numerical Aperture 

NBF    Neutral buffered formalin 

Ngn3    Neurogenin 3 

ng    Nanogram 

NICD    Notch intracellular domain 

Nkx    NK homeobox 

NLS    Nuclear localization signal 

nm    nanometre 

NOD/SCID   Non obese diabetic/ severe combined immunodeficiency 

ns    not significant 

OS   Organic solvent 

p    phosphorylated 

P    Postnatal day 

PanIN    Pancreatic intraepithelial neoplasia 

PAS    Periodic acid-Schiff 

PBS    Phosphate buffered saline 

PCR    Polymerase chain reaction 

PDAC    Pancreatic ductal adenocarcinoma 

PDL    Pancreatic duct ligation 

PDK1    Phosphoinositide-dependent kinase 1 

PDX1    Pancreatic and duodenal homeobox 1 

Pen    Penicillin 

PET    Pancreatic endocrine tumors 



 

15 

 

pH3    Phosphorylated Histone 3 

PIP2    Phosphatidylinositol 4,5-bisphosphate 

PIP3    Phosphatidylinositol 3,4,5-triphosphate 

PI3K    Phosphatidylinositol 3-kinase 

Ptf1a    Pancreas transcription factor 1a 

Px    Partial pancreatectomy 

Q-PCR   Quantitative real-time PCR 

RAF    Rapidly accelerated fibrosarcoma 

RAM    RBPJ-associated molecule 

Rb    Retinoblastoma 

RBP-J   Recombination signal binding protein for immunoglobulin 

kappa J 

RIP    Rat insulin promoter 

RNA    Ribonucleic acid 

RTK    Receptor tyrosine kinase 

SC    Cystadenomas 

SCF    Skip1-Cul1-Fbox 

SD    Standard deviation 

Shh    Sonic hedgehog 

SH2    Src homology 2 

SH3    Src homology 3 

SKP1    S-phase-kinase-associated protein-1 

SMA    Smooth muscle alpha-actin 

SMAD4   Mothers against decapentaplegic homolog 4 

SPT    Solid pseudopapillary tumors 

STK11   Serine/threonine kinase 11 

Strep    Streptomycin 

TACE    Tumour necrosis factor-α converting enzyme 

TAE    Tris acetate EDTA buffer 

TE    Tris-EDTA 

TEMs    Tetraspanin-enriched microdomains 

TFF2    Trefoil Factor 2 

TIC    Tumour initiating cell 

TGFβ    Transforming growth factor-β 



 

16 

 

U    units 

Ub    Ubiquitin protein 

UPS    Ubiquitin-proteasome system 

V    Valine 

v/v    Volume per volume 

WHO    World Health Organization 

w/v    Weight per volume 

YFP    Yellow fluorescent protein 

α    Alpha 

β    Beta 

β gal    Beta galactosidase 

δ    Delta 

λ   Wavelength 

µg    Microgram 

µl    Microlitre 

µm    Micrometre 

µM    Micromolar 

Ø   Diameter 

 



Chapter 1 Introduction 

17 

 

Chapter 1. Introduction 

1.1 The mammalian pancreas. 

Despite having been studied extensively for more than a century, pancreas 

physiology remains highly enigmatic as illustrated by the incurable diseases of 

diabetes and pancreatic cancer. First described in 300 BC by the “father of 

anatomy” Herophilus, it was not until the nineteenth century that its essential 

digestive and blood sugar regulating functions would be appreciated (Von Staden, 

1989, Granger and Kushner, 2009). In the centre of pancreatic research lie 

exocrine ductal and acinar cells and the endocrine lineage, which comprises 

several specialized cell types. Together with nerves, blood and lymph vessels, they 

are arranged in a convoluted architecture. Pancreas architecture is the cue to the 

organ’s functionality and, unsurprisingly, excessive tissue remodelling has been 

found to accompany pancreatic disease and failure (Granger and Kushner, 2009, 

Singh and Garg, 2016). 

 

1.1.1 Pancreas architecture. 

The human pancreas is a compound gland that can be identified as a solitary organ 

stretching from the duodenum and stomach to the spleen (Figure 1). Anatomically, 

the human pancreas is subdivided into three distinct regions, head, body and tail, 

which are readily identifiable by their location and proximity to adjacent organs. The 

head is the C-shaped part aligning to the duodenum and demarcated from the 

pancreas body by the superior mesenteric artery, and the tail stands in contact to 

the spleen (Dolensek et al., 2015). The murine pancreas on the other hand 

appears less well defined and rather diffusely distributed within the mesentery of 

the small intestine. In the mouse pancreas, a duodenal lobe, which resembles the 

pancreatic head in the human, can be identified aligned with the curvature of the 

upper duodenum. This is joined by a small gastric lobe and the large splenic lobe, 

the latter of which corresponds to the human pancreas body and tail (Figure 1) 

(Dolensek et al., 2015).  
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Figure 1 – Illustration of the mammalian pancreas. 

Schematic of human and rodent pancreas. The pancreas is located between 
duodenum, stomach and spleen. A) Anatomical landmarks subdivide the human 
pancreas into head, body and tail. In contrast to mouse, the human ductal system 
drains directly into the duodenum via major and minor duodenal papilla (arrow 
heads). B) The rodent pancreas is less compact and divided into duodenal, gastric 
and splenic lobe. Here, the ductal system drains into the extrahepatic bile duct and 
not directly into the duodenum (arrow heads). 
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The pancreatic lobes are composed in a unique architecture of secondary lobules, 

which are built of primary lobules (Figure 2). The arrangement of secondary lobules, 

as it is apparent on sectioned tissue from mouse and human, originates from an 

imperfect subdivision by thin connective tissue septa. Frequent gaps in the septa 

allow the parenchyma to establish a continuous unit (Watanabe et al., 1997). The 

secondary lobule has been defined as glandular unit as each lobule is drained by a 

single interlobular duct, although lobules can infrequently be partially drained by 

additional ducts from a neighbouring lobule. Thus, secondary lobules, which 

appear on a tissue section as distinct compartmentalized units, remain tightly 

associated with each other (Watanabe et al., 1997). In the human pancreas, 

secondary lobules have further been subdivided into vascular units, each of which 

receives blood supply from a terminal arteriole at its centre and is drained by 

peripheral venules (Figure 2) (Yaginuma et al., 1985). These subunits constitute 

the primary pancreatic lobules and have both exocrine and endocrine functions 

carried out by ductal and acinar cells (exocrine gland) and the islets of Langerhans 

(endocrine gland).  
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Figure 2 - Architecture of the pancreas. 

Illustration of pancreas anatomy and composition. A-B) The pancreas is subdivided 
in secondary lobules that are defined as exocrine units as each is drained by at 
least one interlobular duct. Tissue septa enwrap each lobule. C-D) Secondary 
lobules are composed of primary lobules. The primary lobule is a vascular unit and 
contains islets and acini. D) Hematoxylin-eosin stain of murine pancreas showing 
lobulization. D’) Higher magnification of the indicated area in D, with a high calibre 
duct with surrounding stroma, islet, acinar tissue and a low calibre duct (right end). 
All scale bars 100 µm. 
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1.1.2 The exocrine pancreas. 

The exocrine gland comprises over 95% of the pancreas and consists of acinar 

and ductal cells (Dolensek et al., 2015). Named after their dome-like 

clustered arrangement, acinar cells build the majority of the exocrine gland. 

They have a pyramidal shape and can be up to 30 µm in height (apical to basal) 

(Cleveland et al., 2012). Acinar cells are specialized in the production of over 20 

digestive pro-enzymes and enzymes (zymogens) such as amylase and 

carboxypeptidase A (CPA). A unique molecular and structural infrastructure 

prevents premature activation of this potent digestive cocktail, which otherwise 

would cause extensive tissue damage as for example in caerulein induced 

pancreatitis, where the cholecystokinin analog hyperstimulates acinar 

secretion, premature zymogen activation and evokes extensive acinar cell death 

and local inflammation (Wittel et al., 2008, Singh and Garg, 2016). Therefore, 

acinar cells are safeguarded by the compartmentalization of these enzymes into 

zymogen granules below the apical cell membrane. From there they are 

secreted into the acinar lumen, a narrow canaliculus covered with microvilli 

(Takahashi, 1984). The acinar canaliculi funnel the zymogens into the lumen of 

the ductal system, which secrets bicarbonate rich fluid and drains this 

“pancreatic juice” towards the duodenum (Figure 3) (Scratcherd and Case, 

1973).  

The pancreas ductal system is a sequence of arborized tubular epithelia. 

Together, these ducts establish a continuous lumen, which stretches from 

duodenum to the distal acinar canaliculi. The pancreatic ducts have been 

shown to end in single cells residing in the central lumen of acini and hence 

termed centroacinar cells (Ashizawa and Kinoshita, 2012). For each acinus, 

a number of acinar and centroacinar cells are directly connected with cells of 

the draining duct to establish a coherent ductal lumen. Intercalated ducts collect 

the pancreatic juice from the acini. These low calibre ducts are highly ramified 

without a decrease in diameter and consist of long, low cuboidal cells (Githens 

III et al., 1980, Takahashi, 1984). They drain into intralobular ducts (located 

within lobules), which ramify from interlobular ducts (connecting lobules). 

Eventually the main and accessory duct drain interlobular ducts and discharge 

into the bile duct in rodents or directly into the duodenum through the major and 

minor duodenal papilla in humans (Mirilas et al., 2005). 

21 
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Figure 3 - The pancreas ductal system. 

Illustration of the ductal segments draining pancreatic juice towards the duodenum. 
Interlobular ducts branch off the main pancreatic ducts and connect lobules. Inside 
each lobule, intralobular ducts collect the pancreatic juice from highly ramified 
intercalating ducts, which stand in direct contact with an acinus. Acini are 
composed of acinar and ductal centroacinar cells (star). Acinar cells are 
responsible for the exclusive production of enzymes that are stored as zymogens 
under the apical membrane and are secreted into the narrow lumen between acinar 
cells (cross). 
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The segmental hierarchy of the pancreas ductal system is not only defined by duct 

localization but by several morphological hallmarks. From intercalated ducts 

towards the bile duct, segments of the ductal system have increasing calibre, a 

thicker enwrapping stroma and are lined by flat cuboidal cells (intercalated ducts) to 

columnar cells (bile duct) (Figure 3) (Githens III et al., 1980). High calibre ducts, 

such as the main- and interlobular ducts,  are also highly vascularized (Bonner-

Weir, 1993, El-Gohary et al., 2012). Apart from cell morphology and stromal 

differences, the human pancreas has been proposed to exhibit a segment-

heterogeneous expression of the aquaporin water channels AQP1 and AQP5, and 

in the mouse heterogeneous expression levels of the transcription factors SRY 

(Sex-Determining Region Y)-Box 9 (Sox9), Hepatocyte Nuclear Factor 6 (Hnf6) and 

Hnf1b among neighboring cells have been observed by immunohistochemistry 

(Burghardt et al., 2003, Cleveland et al., 2012). Despite this suggested 

heterogeneity, we and others have observed that Hnf1b and Sox9 promoter 

targeted mouse models recombine and trace over 90% of ductal cells in the adult 

mouse (Solar et al., 2009, Zhang et al., 2016) (my own unpublished findings). If the 

ductal system contains distinct cell types or if the observations are a snapshot of 

rather temporary cellular dynamics in behaviour and functionality remains to be 

addressed. Unique, yet often neglected ductal structures are the pancreatic duct 

glands. These are blind evaginations from the main duct found in the human and 

rodents with considerable similarity to the peribiliary glands surrounding the bile 

duct. Whilst positive for the pan-ductal markers keratin 19 (Krt19), Dolichos Biflorus 

Agglutinin (DBA) and Hnf1β, they are distinguished by expression of Pancreatic 

And Duodenal Homeobox 1 (Pdx1), Hes Family BHLH Transcription Factor 1 

(Hes1) and gastric-type mucins (Geleff and Böck, 1984, Strobel et al., 2010, 

Yamaguchi et al., 2015). 
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1.1.3 The endocrine gland. 

First described in 1869 by Paul Langerhans in the rabbit, and recognized for their 

essential function only 24 years later by Gustave-Édouard Laguesse, the “islets of 

Langerhans” constitute the endocrine pancreatic gland. Islets are spheroid, 

heterogeneous cell clusters of varying size and composition, embedded in acinar 

tissue (Alanentalo et al., 2007, Baetens et al., 1979). They carry the sole 

responsibility for endocrine secretion of insulin and further hormones that function 

in the regulation of blood glucose. Islet microarchitecture, composition and number 

differ among mammals, but common architectural features have been reported for 

human and mouse islets (Kim et al., 2009, Dolensek et al., 2015). Islets are 

composed of α-, β-, δ-, ε- and PP-cells. Rodent insulin-producing β-cells constitute 

over 60% of islet mass and accumulate in the islet centre, whereas glucagon-

secreting α-cells are located in the islet periphery. PP-cells, which produce 

pancreatic polypeptide, somatostatin-positive δ-cells and ghrelin-secreting ε-cells 

are less abundant (Baetens et al., 1979). A fibroblast layer and thick basement 

membrane encapsulate the endocrine compartment, and separate it spatially from 

the surrounding exocrine tissue. Rodent islets have a disproportionally large direct 

arteriolar blood supply and direct innervation by the autonomic nervous system 

(Bonner-Weir, 1993, Rodriguez-Diaz et al., 2011). However, the spatial separation 

of endocrine and exocrine glands is overcome by the ductal system as small 

calibre ducts can transcend the stromal barriers, establishing direct contact with 

endocrine cells (Cecil, 1911, El-Gohary et al., 2016). Furthermore, endocrine cells 

have been found attached to and incorporated into the lining of high calibre ducts 

(Bonner-Weir et al., 2010). The close relation of endocrine and ductal cells, which 

by many has been understood to foretell plasticity between the adult lineages, has 

its cause in the embryonic development of the pancreas. 
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1.2 Development and organogenesis of the pancreas. 

Embryonic pancreatic research has received great interest over recent decades. 

Understanding the nature of the morphologic events and underlying molecular 

signalling networks is hoped to shed light on the pathogenesis and potential 

treatment strategies of diabetes and pancreatic cancer. Embryonic development of 

the pancreas is a complex process that culminates in the creation of two distinct 

lineages forming the exocrine and endocrine parenchyma, with disparate 

morphology and function. It involves repeated cycles of establishing competence, 

specification and morphogenetic processes to build the unique architecture of the 

pancreas.  

1.2.1 Specification of the pancreatic domain. 

After gastrulation, the endodermal germ layer forms a primitive gut tube. Complex 

tissue interactions pattern the primitive gut into distinct domains along its anterior-

posterior axis. The anterior part of the gut tube, which is known as the foregut in 

mammals, will form thyroid, lung, liver and pancreas (Spagnoli, 2007). Pancreas 

development begins with the establishment of an endodermal domain competent to 

respond to pancreas-inductive signals. The pancreas originates from two distinct 

anlagen in the ventral and dorsal posterior foregut that are recognizable as distinct 

thickenings at embryonic day (E)9.5 (dorsal rudiment) and E10 (ventral rudiment), 

respectively, and that will contribute to all pancreatic lineages (Shih et al., 2013). 

Interestingly, due to their respective localization, both regions stand in sequential 

contact with different neighbouring tissues, which themselves are subject to 

extensive remodelling (Gittes, 2009). Thus, a distinct series of spatiotemporal 

signalling events underlies commitment to pancreatic fate in each domain. Bone 

Morphogenetic Protein/ Transforming Growth Factor β (BMP/TGFβ), Epidermal 

Growth Factor (EGF), Fibroblast Growth Factor (FGF), Notch, Retinoic Acid (RA), 

Sonic Hedgehog (Shh), Vascular Endothelial Growth Factor A (VEGF-A) and 

Wingless/Integration (Wnt) have been identified as the main signalling pathways 

regulating pancreas development (Gittes, 2009). At E8, prior to specification of the 

dorsal pancreas, dorsal gut endoderm has a close relationship with the notochord 

(Figure 4). Subsequent fusion of the two dorsal aortae and mesenchyme expansion 
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will have spatially disrupted this relation by E9.5. However, early inductive signals, 

including activin and FGF2, from the notochord are essential for the formation of 

the dorsal rudiment. Removal of the notochord in chick embryo results in ectopic 

Shh expression in the dorsal endoderm and ablates proper dorsal pancreas 

formation (Hebrok et al., 1998). Development of the ventral pancreas, which is not 

exposed to notochord derived signals, is not affected. In contrast, the ventral 

pancreas, which arises next to the hepatic domain, has been shown to be the 

“default” fate in the ventral foregut. There, factors from the surrounding cardiac and 

lateral plate mesenchyme, including BMP and FGF signalling, are necessary to 

locally favour hepatic fate and regulate the size of the ventral pancreatic bud 

(Deutsch et al., 2001). However, in the chick an early instructive role of lateral plate 

mesoderm on ventral pancreatic specification has been suggested (Kumar et al., 

2003).  

Also the endothelium exerts a direct influence on the embryonic pancreas 

throughout development. Aortic endothelial cells have an inductive effect on 

pancreas formation and endocrine specification, which at least in part is due to the 

dependence of the mesenchyme on endothelial tissue (Lammert et al., 2001, 

Jacquemin et al., 2006). In fact, endothelial cells and the exposure to blood-borne 

agents, such as sphingosine-1-phosphate, are crucial for development of the dorsal 

pancreas (Lammert et al., 2001, Edsbagge et al., 2005). The dependence of 

pancreas formation on endothelial factors is not seen in the ventral pancreas, 

despite its proximity to vitelline veins (Yoshitomi and Zaret, 2004). 
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Figure 4 - Specification of the pancreatic domains. 

Schematic transverse sections of pro-pancreatic domains and surrounding tissues 
during specification. From E8.0 to E9.5 the dorsal and ventral pancreatic domains 
are exposed to varying structures that permit and modulate pancreatic specification 
by direct cell contact and secretion of soluble signalling factors. fg – foregut, nc – 
notochord, nt – neural tube. 
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Apart from the dorsal endothelium, the mesenchyme provides instructive and 

permissive signals guiding differentiation and morphogenesis of the developing 

pancreas (Golosow and Grobstein, 1962). Deletion of the Nkx transcription factor 

family member Bapx1 in the mesenchyme induces gut like structures in the pre-

pancreatic foregut, highlighting a crucial dependence of dorsal pancreas 

specification on the surrounding mesenchyme (Asayesh et al., 2006). Furthermore, 

FGFs secreted by the mesenchyme promote dorsal pancreatic outgrowth at E11 

and this is, at least in part, mediated by Notch signalling (Hart et al., 2003, 

Hecksher-Sorensen et al., 2004). Interestingly, in the ventral pancreas, FGFs from 

the cardiac mesenchyme serve the opposite purpose and restrict pancreas 

specification in favour of the hepatic rudiment (Deutsch et al., 2001). There, in 

addition, the liver versus pancreas fate decision is regulated by noncanonical Wnt 

signalling (Rodriguez-Seguel et al., 2013). Mesenchymal tissues enwrapping the 

dorsal and ventral pancreatic bud differ from each other but share a similarly 

necessary role in pancreas development. Whilst the factors at play differ between 

the dorsal and ventral rudiments, they all result in the induction of pro-pancreatic 

transcriptomes including expression of the essential transcription factors Pdx1 and 

Pancreatic Transcription Factor 1 (Ptf1a). Genetic ablation of either factor prevents 

organogenesis due to the lack of multipotent pancreatic progenitor cell 

(MPC) specification, the precursor cell for all epithelial lineages comprising the 

adult pancreas (Fishman and Melton, 2002). Importantly, organ size of the 

adult pancreas is controlled by the number of MPCs at the beginning of pancreatic 

development, and ablation of MPCs between E9.5 and E12.5 reduces pancreas 

size (Stanger et al., 2007). Two further factors with a major role in patterning 

and morphogenetic segregation of the ventral foregut are Hes1 and Sox17 

(Sumazaki et al., 2004, Spence et al., 2009). Both are required for restricting 

the pancreatic domain in favour of the extrahepatobiliary system, which 

interestingly shares a common origin with the ventral pancreas and not the liver 

(Figure 5). Genetic deletion of Sox17 results in the loss of biliary structures 

while overexpression suppresses pancreas development (Spence et al., 2009). 

Ablation of Hes1 results in ectopic pancreas formation in the stomach, duodenum 

and extrahepatic bile ducts (Sumazaki et al., 2004, Fukuda et al., 2006). 

Pancreas specification and outgrowth marks the first wave in pancreas 

development, the primary transition. It comprises the first morphogenetic 

28 
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events in establishing pancreatic architecture. High proliferation of the MPCs 

causes the outgrowth of the rudiments into a stalk like epithelium. At this stage 

MPCs are marked by the expression of Pdx1, Ptf1a, Sox9 and Hnf1β.  
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Figure 5 - Specification of bile duct and ventral pancreas. 

Scheme of E8.5 embryo, lateral view. The pro-hepatic domain (blue) is specified 
adjacent to the prospective ventral pancreas (pink).  The ventral pancreatic domain 
will give rise to the ventral pancreas and the extrahepatic biliary tree under the 
control of Notch signalling and transcriptional regulation by Pdx1 and Sox17. The 
liver-versus-pancreas fate decision is regulated by adjacent mesodermal 
derivatives, the cardiac mesoderm and septum transversum mesenchyme (green). 
The dorsal pancreas (red) is exposed to distinct mesodermal signals from 
notochord, dorsal aorta and mesenchyme (brown).  
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1.2.2 Expansion and patterning of the developing pancreas. 

Elongation of the ventral and dorsal pancreatic buds and the rotation of the 

embryonic gut tube at E11.5 place the pancreatic rudiments in close proximity and 

the two buds subsequently fuse to form the definitive pancreas (Shih et al., 2013). 

After extensive epithelial remodelling between E11.5 and E12.5, the embryonic 

pancreas is a monolayer epithelium of polarized cells surrounding coalescing 

lumina. At E12.5, branching morphogenesis occurs at the tip and forms a densely 

branched stratified epithelium enwrapped in mesenchyme (Gittes, 2009). Primary 

branches expand and are patterned into distinct domains with different gene 

expression and progenitor capacity (Zhou et al., 2007). Hnf1β, Nkx6.1 and Nkx6.2 

are exclusively expressed in the trunk, while Ptf1a and CPA expression is restricted 

to the tip domain, and both tip and trunk remain Sox9 positive. A highly proliferative 

Pdx1+Ptf1a+cMycHighCpa1+ cell population at the parenchymal tips maintains MPC 

capacity and drives the main epithelial expansion (Zhou et al., 2007). Patterning of 

the domains involves reciprocal interactions between neighbouring MPCs and 

between the pro-pancreatic epithelium and the mesenchyme. For example, 

opposing roles have been described for Nkx6.1/6.2 and Ptf1a in the allocation of 

tip- versus trunk cells and cross-repressive interactions between these transcription 

factors contribute to the patterning of the embryonic pancreas and thus the 

contribution to the exocrine and endocrine glands (Schaffer et al., 2010). 

Furthermore, Notch activity becomes restricted to the trunk epithelium and absent 

from tip cells (Afelik and Jensen, 2013). Notch signalling plays a pivotal role in 

regulating MPC allocation to tip and trunk domains as it activates Nkx6.1 

expression in trunk cells and represses Ptf1a activity in maturing acinar progenitors 

(Esni et al., 2004, Afelik and Jensen, 2013). 
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1.2.3 The secondary transition. 

In the secondary transition from E13.5 to E15.5, MPC differentiation triggers 

exocrine and endocrine ontogenies as described below. Tip cells commit to the 

exocrine lineage, marked by amylase and carboxypeptidase expression, under the 

control of Ptf1a, which is essential for specification and maturation of acinar cells 

(Pan et al., 2013). In parallel, trunk cells specify a ductal or endocrine fate. Extrinsic 

factors from the mesenchyme and pancreas-intrinsic signalling govern 

differentiation and thus the size and architecture of the nascent exocrine and 

endocrine glands. For example, mesenchymal FGF signalling positively regulates 

pancreas size by maintaining the pool of proliferating MPCs and limiting premature 

differentiation (Le Bras et al., 1998, Hart et al., 2003, Miralles et al., 2006). Blood 

vessels, at the beginning of the secondary transition, act to restrain 

pancreatic growth by limiting tip cell formation and branching (Magenheim et al., 

2011). Other factors that regulate exocrine versus endocrine fate choice are 

addressed below. After E15.5 the embryonic pancreas continues to expand by 

proliferation and the definitive pancreatic architecture is approached by 

transformation of the epithelium into compartmentalized domains.  

1.2.3.1 Exocrine development. 

Under the control of retinoic acid and Notch signalling, exocrine progenitors are 

allocated to the acinar or ductal lineage (Kadison et al., 2001, Kobayashi et al., 

2002, Afelik et al., 2012). Acinar cells emerge at the tips of the branching 

embryonic pancreas and are specified by the activity of Recombination Signal 

Binding Protein For Immunoglobulin Kappa J Region Like (Rbpjl), Basic Helix-

Loop-Helix Family Member A15 (Mist1), Nuclear Receptor Subfamily 5 Group A 

Member 2 (LRH1/Nr5a2) and Ptf1a transcription factors, that activate the 

expression of acinar-specific zymogens (Figure 6) (Han et al., 1986, Beres et al., 

2006, Gittes, 2009). Duct cells emerge from the trunk epithelium, positively 

regulated by Notch signalling (Afelik and Jensen, 2013). While previously 

development of the ductal system was thought to be a sequence of formation, 

extension and branching of a primitive duct, research in recent years, with 

32 
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particular contribution from three-dimensional imaging data has unravelled a highly 

complex mechanism (Hick et al., 2009, Villasenor et al., 2010, Bankaitis et al., 

2015). The first microlumens are seen with the apicobasal polarisation of MPCs 

beginning at E11 and are formed under control of the Ras Homolog guanosine-tri-

phosphatase (Rho-GTPase) family member Cell Division Cycle 42 (Cdc42) (Hick et 

al., 2009, Kesavan et al., 2009). These lumens expand, coalesce and form the 

embryonic ductal system that, for its web-like appearance, is referred to as a 

plexus, visible by E12.5 (Villasenor et al., 2010). In this process, Pdx1 has been 

proposed to be one factor activating the cytologic program that underlies 

tubulogenesis and plexus formation (Marty-Santos and Cleaver, 2016). In the 

following days of embryonic development, this plexus becomes restructured 

extensively (Villasenor et al., 2010). From distal to central, it is resolved to a 

hierarchical branched ductal tree, a process that is mainly, though not fully, 

completed by E18.5 (Bankaitis et al., 2015). Epithelial branching of ducts at the 

organ periphery accompanies this process (Bankaitis et al., 2015). How far duct 

cells at this timepoint resemble the mature, functional cell found in the adult, and 

what governs duct cell maturation are interesting questions remaining to be studied 

(Cleveland et al., 2012). Prospero Homeobox 1 (Prox1), Hnf1β and Hnf6 have key 

roles in development of the ductal system, but how far they control duct cell 

maturation or rather early ductal morphogenesis is incompletely understood 

(Pierreux et al., 2006, Zhang et al., 2009, Cleveland et al., 2012, Westmoreland et 

al., 2012). 

 

1.2.3.2 Endocrine differentiation. 

Endocrine progenitors are specified within the trunk of the embryonic pancreas 

under the control of Notch signalling. The Notch transcriptional target Hes1 is lost 

in these cells and instead specifically marks the proliferating ductal progenitors, 

thus also maintaining the common progenitor pool (Figure 6) (Afelik and Jensen, 

2013, Kopinke et al., 2011). In fact, misexpression of activated Notch prevents 

MPC differentiation (Murtaugh et al., 2003). Downregulation of Notch signalling is 

essential for activating the endocrine master regulator Neurogenin 3 (Ngn3) and 

commitment to the endocrine fate (Jensen et al., 2000b) (Jensen et al., 2000a, Lee 
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et al., 2001). Ngn3 is an essential transcription factor in endocrine development 

and it is expressed in two waves, between E8.5-E11 and after E12 (Gradwohl et al., 

2000, Villasenor et al., 2008). Endocrine progenitors that specify scattered through 

the pancreatic bud during primary transition mainly form multihormonal or 

glucagon-positive cells at this stage. It is only in the second transition that 

endocrine progenitor cells give rise to most of the endocrine gland (Shih et al., 

2013). The various endocrine subtypes are specified in temporally restricted 

windows of competence: α-cells are predominantly formed during the primary 

transition, β-cells and PP-cells are found from E11.5 and δ-cells only from E14.5 

(Shih et al., 2013). Endocrine cell fate determination is one of the best studied 

aspects of pancreas development. Cells committed to the endocrine fate (Ngn3+) 

delaminate from the trunk in a process of transient epithelial to mesenchymal 

transition (EMT) and cluster to form the nascent islets of Langerhans (Gouzi et al., 

2011). Ngn3+ cells are unipotent and each cell contributes to one of the five 

endocrine lineages (Desgraz and Herrera, 2009). Differentiation is controlled by 

Ngn3 dependent expression of a number of transcirptional regulators (Arx, IA2, Isl1, 

NeuroD1, Pax4, Pax6, Rfx6) (Shih et al., 2013). In concert with further, fate specific, 

determinants and presumably under control of Notch signalling, these factors 

govern lineage segregation by mutual repression of opposing fate instructive 

factors (Figure 6) (Afelik and Jensen, 2013). For example, overexpression of Pax4, 

Pdx1 or Nkx6.1 in an endocrine progenitor favours a β-cell fate over α-cell 

differentiation (Collombat et al., 2009, Yang et al., 2011, Schaffer et al., 2013). 

Conversely, overexpression of Arx4 expands the α-cell pool at the expense of β-

cell mass (Collombat et al., 2007). The endocrine gland is subject to continuous 

remodelling as endocrine cell clusters fuse and reorganize to adopt the functional 

three-dimensional organization of the various endocrine cell types (Hara et al., 

2007). Again, complex interactions between the emerging compartments are at 

play to establish the architecture crucial to islet functionality. Islets are highly 

irrigated structures and endothelial factors play an important role in their maturation 

(Shih et al., 2013). For example, genetic deletion of the pro-endocrine factor VEGF-

A in Pdx1-expressing progenitors results in the loss of islet capillaries, illustrating 

later roles of the endothelium in the establishment of functional vascularized islets 

(Lammert et al., 2001, Lammert et al., 2003).  
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Figure 6 - The secondary transition. 

Schematic of endocrine and exocrine fate decisions during the secondary 
transition. Endocrine cells are specified along the trunk domain (red) of the 
embryonic pancreas under the control of Notch signalling. Ngn3+ endocrine 
precursors are unipotent and the concerted action of several transcription factors 
guides specification into mature endocrine cells. The exocrine gland develops from 
the tips (blue) of the embryonic epithelium. There, Ptf1a is a main factor in acinar 
cell specification. 
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1.2.4 Postnatal development. 

Whilst the architectural plan of the pancreas has been laid out in embryonic 

development and the topological organization largely achieved by birth, postnatal 

ontogeny is marked by architectural remodelling and an expansion of the exocrine 

and endocrine parenchyma (Bouwens and Rooman, 2005, Pan et al., 2013, 

Striegel et al., 2016). This expansion is mainly attributed to proliferation rather than 

neogenesis, although islet numbers also increase until week 4 in the mouse 

(Dolensek et al., 2015). On the other hand, postnatal remodelling of the pancreas 

also includes apoptosis, specifically around weaning (Scaglia et al., 1997, Bouwens 

and Rooman, 2005). Indeed, weaning is a major postnatal trigger activating islet 

maturation and glucose responsiveness (Stolovich-Rain et al., 2015).  

The fully developed pancreas is characterized by an apparent architectural 

heterogeneity, especially in regards to islet irrigation, localization and innervation. 

This regionalization is thought to be largely determined by the section of the 

embryonic plexus from which the islet arose (Merkwitz et al., 2013). Additional 

complexity may be derived from the ventral or dorsal origin of the pancreatic tissue. 

The ventral pancreatic bud mainly contributes to the pancreas head while the tail is 

largely formed by dorsal progenitors (Spagnoli, 2007). For instance, in the human 

pancreas PP-cells can only be found in the tail (Orci, 1982). Furthermore, it is 

thought that the main pancreatic duct in humans (duct of Wirsung) originates from 

both ventral and dorsal buds, while only dorsal progenitors form the accessory duct 

(duct of Santorini) (Gittes, 2009). The anatomical outcome apart, these findings 

raise the question of how alike pancreatic parenchyma of different regional descent 

is. Is there heterogeneity among the adult ductal, acinar and various endocrine 

lineages? And are there localized pools of cells with facultative potential to 

regenerate injured pancreatic tissue?   
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1.3 Stem cells and plasticity within the adult pancreas. 

Extensive research has been pursued in search of a facultative progenitor cell that 

may be activated to regenerate pancreatic tissue (Kopp et al., 2016). The human 

pancreas has been described as a quiescent organ that unlike the liver fails to 

regrow after resection. However, several studies using surgical inflicted pancreatic 

damage or drug induced ablation of the pancreatic parenchyma in rodents showed 

a considerable regenerative potential of the pancreas (Brockenbrough et al., 1988, 

Granger and Kushner, 2009, Criscimanna et al., 2011).  

A substantial number of studies has been dedicated to β-cell regeneration with the 

idea to counteract the β-cell loss in diabetes. Diabetes mellitus comprises two main 

forms. 90% to 95% of patients present with type 2 diabetes (T2D), which is 

characterized by a progressive loss of β-cell function and chronic insulin resistance. 

Furthermore, T2D patients have reduced β-cell numbers of typically 40% to 60% of 

the normal β-cell mass (Butler et al., 2003). Type 1 diabetes (T1D), which is less 

common, is characterized by β-cell destruction, mainly due to autoimmunity 

(Matveyenko and Butler, 2008). Both forms result in hyperglycemia due to the lack 

of insulin (secreted by β-cells) or the failure to adequately respond to the hormone 

and thus all patients require intensive treatment with exogenous insulin.  

The diabetic state in both T1D and T2D patients can be reversed by islet and 

pancreas transplantation and generation of new, functional β-cells is an important 

part in the establishment of treatment strategies (Gruessner and Sutherland, 2005, 

Nath et al., 2005). However, cell replacement therapy is limited by the challenge of 

acquiring a sufficient supply of donor islets, which are usually obtained from 

autopsies. As an alternative, in vitro sources of transplantable material are keenly 

investigated. One strategy is the transplantation of β-cells differentiated in vitro 

from embryonic or induced pluripotent stem cells or adult progenitor cells of the 

pancreas or other tissues (Weir et al., 2011, Calafiore et al., 2014).   

Pancreatic endocrine cells, duct cells and acinar cells have been repeatedly 

assessed in their potential to contribute to the β-cell mass in the homeostatic or 

diseased pancreas. Apart from the regenerative medical sciences, the quest for a 

stem cell like-population has also been of interest to the field of pancreatic cancer 

research, as such a cell might be more prone to tumour initiation and play a crucial 

role in tumourigenesis in the pancreas. Together, recent decades accumulated a 
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considerable number of publications on the evaluation of pancreas plasticity. In 

consensus, research suggests a mild regenerative capacity of the rodent pancreas 

that, with particular emphasis on the controversial role of the ductal compartment, 

shall be reviewed here. 

 

 

 

1.3.1 Plasticity of the exocrine pancreas. 

1.3.1.1 The role of ductal cells in pancreatic regeneration. 

Lessons from embryonic development of the pancreas suggest a close relationship 

between endocrine and ductal cells as both share a common immediate progenitor 

and are less related to acinar cells (Cleveland et al., 2012). Furthermore, the 

physical connection of duct and endocrine cells observed in the embryo is 

maintained in the adult with many islets clustering along large ducts and scarce β-

cells found incorporated in the ductal epithelium (Bonner-Weir et al., 2010). 

Unsurprisingly, these anatomical peculiarities evoked speculations on the 

interconversion of duct- and β-cell fates as a possible physiological mechanism of 

endocrine regeneration, already proposed over a century ago (Bensley, 1911). In 

the decades thereafter, accumulating evidence of increasing β-cell numbers in the 

ducts of pregnant or diabetic individuals further favoured this hypothesis (Granger 

and Kushner, 2009, Bonner-Weir et al., 2010). Whilst observational data supported 

a progenitor like role of pancreatic duct cell, the techniques available did not allow 

for an unnassailable conclusion. With the beginning of the era of mouse genome 

editing and the possibility to specifically follow a cell’s progeny by lineage tracing 

approaches, the dogma of duct-to-β-cell regeneration was revisited. Surprisingly, 

and until today, the majority of studies has been unable to prove an adult ductal 

origin for β-cells, arguing the anatomical relations of duct- and β-cells to be of 

circumstantial nature and intraductal β-cells a rudimentary leftover from 

embryogenesis (Kopp et al., 2016). Hence, pancreas regeneration by the ductal 

compartment remains one of the most controverisal topics in pancreas research. 
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Apart from assessing β-cell localization in the ductal epithelium under physiological 

conditions, many studies have tried to specifically trigger duct-to-β-cell 

transdifferentiation by inflicting tissue damage with pancreatectomy (PX) or 

pancreatic duct ligation (PDL). Pancreatectomy is the, in rodents usually partial, 

surgical removal of the pancreas. Up to 80% of the organ, comprising mostly the 

splenic lobe is excised. The pancreas is highly irrigated and receives blood from 

two major branches of the abdominal aorta, the celiac artery and the superior 

mesenteric artery (Dolensek et al., 2015). Surgery can evoke extensive blood loss, 

which in turn may compromise experimental success and possibly regenerative 

response (Granger and Kushner, 2009). PDL, on the other hand, is the technique 

of placing a suture around the pancreas, often distal to the duodenal lobe, thereby 

constricting the main pancreatic duct. This model mimics occlusion of a pancreatic 

duct, consequent accumulation of digestive enzymes and extensive cell death and 

inflammation (Van de Casteele et al., 2014). Importantly, both pancreatectomy and 

PDL are understood to inflict varying degrees of tissue damage, mainly dependent 

on the experimental setup, and this needs to be taken into account when 

comparing the respective regenerative response.  

Surgically inflicted pancreatic tissue damage has been used since the early 

twentieth century to study the pancreas (Granger and Kushner, 2009). Several of 

those publications described proliferative “pancreatic duct remnants”, small islets 

physically connected with these remnants, and thus the notion arose that ducts are 

a progenitor for pancreas neogenesis, recapitulating embryonic development 

(Brockenbrough et al., 1988, Bonner-Weir et al., 1993, Bonner-Weir et al., 2010, Li 

et al., 2010). Criscimanna et al. used a genetic, drug-induced model for pancreatic 

tissue damage targeting diphtheria toxin receptor (DTR) expression to the 

pancreas (Criscimanna et al., 2011). In the Rosa26(R26)-DTR : Pdx1-Cre mouse, 

the Pdx1 regulating sequences, which are active in MPCs, drive Cre expression, 

resulting in Cre mediated recombination of the flox-Stop-flox sequence preceding 

the DTR cassette in the R26 locus (Buch et al., 2005). Consequently, DTR is 

expressed in all pancreatic lineages. The DTR cassette encodes a simian heparin-

binding epidermal growth factor like precursor (HB-EGF). Importantly, the rodent 

HB-EGF does not bind diphtheria toxin (DT) and thus, upon DT administration, only 

DTR-positive cells are selectively killed (Mitamura et al., 1994, Saito et al., 2001). 

Criscimanna et al. found that a fraction of ductal cells appeared to escape DT-
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mediated ablation as judged from the persistence of ductal structures (Criscimanna 

et al., 2011). These cells proliferated and in the course of one month, new 

pancreatic tissue comprising exocrine and endocrine lineages was generated 

(Criscimanna et al., 2011). In line with these findings, the group of Harry Heimberg 

identified a facultative Ngn3+ population that efficiently contributed to endocrine 

cells after PDL. These cells were specifically appearing in ducts of the ligated 

splenic lobe, distal to the ligature, suggesting a role in local tissue remodelling or a 

dependency on spatially restricted factors (Xu et al., 2008, Van de Casteele et al., 

2013). Together, both studies presented evidence for a ductal contribution to 

pancreas regeneration in the mouse. 

With the aim to rigorously test the plasticity of pancreatic duct cells, several studies 

have attempted to lineage trace ductal cell progeny in homeostasis and 

regeneration, but with apparently conflicting results, especially on duct-to-β-cell 

contribution. These studies used a fusion of Cre-recombinase to the mutated 

ligand-binding domain of estrogen receptor (ER), which is rendered responsive to 

tamoxifen, termed CreER (or CreERT, CreERTM) or its more efficient variant CreERT2. 

Thus, in addition to Cre expression under control of a lineage specific promoter, 

Cre activity was dependent on tamoxifen administration. When combined with the 

conditional expression of a tracer, for example a fluorescent protein preceded by a 

flox-Stop-flox sequence, a cell could be labelled and the cell’s progeny traced 

(lineage tracing). By confining CreERT expression to the Carbonic anhydrase II-

positive ducts, ductal cells were shown to give rise to islets in neonatal mice and 

adults after PDL (Inada et al., 2008). In contrast, the group of Maike Sander 

generated a mouse model to trace Sox9-positive ductal cells and could not find any 

contribution to the endocrine lineage in mice older than three weeks during 

homeostasis or after injury by PDL or STZ treatment, which enters β-cells via a 

glucose transporter (GLUT2) and selectively kills the cells by generation of reactive 

oxygen species (Szkudelski, 2001, Kopp et al., 2011). These findings were 

confimed in another mouse line targeting Sox9-positive cells, where no duct-to-

endocrine reprogramming was seen after PDL or PX (Furuyama et al., 2011). 

Further studies using unique targeting strategies to Muc1 or Hnf1b positive duct 

cells corroborated duct cells as restricted to the ductal lineage in homeostasis and 

after PDL induced tissue damage (Solar et al., 2009, Kopinke and Murtaugh, 2010).  
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Eventually, the possibility to convert duct cells to an endocrine fate was proven in 

vivo by deletion of the E3 ubiquitin ligase substrate recognition component F-box 

and WD-40 domain protein 7 (Fbw7) in duct cells (Sancho et al., 2014). This study 

identified a duct specific role of Fbw7 as a gatekeeper to maintain ductal fate by 

proteasomal targeting of Ngn3. In Fbw7-deficient cells, Ngn3 accumulated and a 

subset of recombined ductal cells converted to β-cells (Sancho et al., 2014). For 

recognition by Fbw7, Ngn3 needs to be phosphorylated by Gsk3β and mutation of 

this phosphodegron mimicked the effect of Fbw7 deletion. Consistent with this, 

another study described Ngn3-positive ductal cells and enhanced β-cell 

regeneration in pancreatectomized rats after local Gsk3β knockdown (Figeac et al., 

2012). Thus, a portion of the ductal cell population can reprogram to an endocrine 

fate upon external stimuli.  

A recent study nicely clarified the role of duct cells in the response to acute β-cell 

loss. To asses ductal contribution to β-cell mass after  sudden  β-cell loss, duct 

cells were traced with a highly efficient founder of the Sox9-CreERT2 line 

generated from Maike Sander’s group, leading to 90% recombination of duct cells 

(Zhang et al., 2016). After tracing, mice were treated with Alloxan, which is rapidly 

taken up by β-cells, generates reactive oxygen species (ROS) and thereby 

selectively kills β-cells as they are highly ROS sensitive (Szkudelski, 2001, Zhang 

et al., 2016). In mild hyperglycemia, Sox9+ duct cells gave rise to β-cells and this 

could further be boosted by cytokine treatment with gastrin and EGF (Zhang et al., 

2016). Thus, ductal regeneration of the endocrine compartment, whilst possible, 

depends on particular stimuli and a distinct kind of damage inflicted (Figure 7).  

Regeneration of the acinar compartment by duct cells has scarcely been 

addressed and remains unresolved. Studies so far have reported ongoing 

physiological contribution or virtually no involvement in acinar homeostasis and 

regeneration after PDL (Furuyama et al., 2011, Solar et al., 2009). Again, this might 

be due to the different genetic models used (Sox9-CreERT2, Hnf1b-CreERT2) with 

varying labeling efficiency and specificity.  

 

Taken together, the lineage tracing studies on duct-to-β-cell transdifferentiation and 

ductal contribution to acinar regeneration fall in contrast with the last century’s 

reports on damage induced proliferative “ductal remnants”. The apparently 

conflicting results may be explained, at least partially, with the various genetic 
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approaches used. The mouse models differed in their labelling efficiency, specificity 

and tamoxifen reliance (background labelling), which could confound results by 

excluding a subset of duct cells (insufficient labelling efficiency) and the labelling of 

non-ductal cells (low specificity and high background labelling). 

Furthermore, the majority of studies describing β-cell neogenesis from the ductal 

system failed to differentiate between ductal and duct-like, acinar derived cells. 

Certain stimuli, such as tissue damage, pancreatitis or genetic Kirsten Rat 

Sarcoma Viral Oncogene Homolog (Kras) activation, can induce acinar cells to 

undergo transdifferentiation to a duct-like cell fate, termed acinar-to-ductal 

metaplasia (ADM), as has been shown by lineage tracing for rodents and human 

cells (Means et al., 2005, Houbracken et al., 2011, Reichert and Rustgi, 2011). 

Transforming Growth Factor α (TGFα) and Epidermal Growth Factor Receptor 

(EGFR) signalling are further important drivers of ADM in vivo and in vitro, 

activating downstream signalling effectors such as Kras, Mitogen-Activated Protein 

Kinase (MAPK) and Phosphatase And Tensin Homolog (Pten) (Sandgren et al., 

1990, Song et al., 1999, Rooman et al., 2000, Stanger et al., 2005). Subsequently, 

acinar fate is lost in a process that includes the suppression of key acinar 

transcription factors, such as Mist1, and concurrent activation of Pdx1 and Sox9 

(Rooman et al., 2000, Reichert and Rustgi, 2011). Indeed, ADM is found in mouse 

models of Mist1 deletion or expression of a dominant negative form of Mist1 whilst 

ectopic Pdx1 or Sox9 overexpression in Ptf1a+ pro-acinar progenitors or adult 

acinar cells, respectively, result in the replacement of acinar tissue with duct-like 

structures (Pin et al., 2001, Zhu et al., 2004, Miyatsuka et al., 2006, Kopp et al., 

2012). The reprogrammed cell has a size and characteristics similar to duct cells, 

including expression of ductal markers Krt19, Hnf1b as well as DBA positivity. 

However, it has been shown to have different functionality and, importantly, 

regenerative capacity, as discussed below (Githens et al., 1994, Reichert and 

Rustgi, 2011, Pan et al., 2013). Interestingly, pancreatic ducts have been proposed 

to form morphologically similar structures, co-positive for ductal and progenitor 

markers, thus highlighting the necessity for lineage tracing in the assessment of the 

ductal regenerative capacity (Strobel et al., 2007a).  
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Table 1 - Cre-lines for pancreas lineage restricted gene-editing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target	cell Cre	line Promoter Efficiency Specificity Reference

exocrine

acinar Ela1-CreERT2 Elastase	1 30%
no	label	in	duct	or	
endocrine	cells

Desai	et	al.,	2007

acinar Ptf1a-CreERT Ptf1a 60-80%
no	label	in	duct	or	
endocrine	cells

Pan	et	al.,	2013

duct+acinar
Muc1-IRES-

CreERT2 Mucin	1 5-15%
no	label	in	endocrine	

cells
Kopinke	and	Murtaugh,	

2010

duct CAII-CreERT Carbonic	
anhydrase	II

not	
detailed

not	detailed Inada	et	al.,	2008

duct CK19-CreERT Krt19 10-45%
<1%	acinar	and	
endocrine

Means	et	al.,	2008

duct Hnf1b-CreERT2 Hnf1b 41-65%
0%	acinar,	<0.1%	

endocrine
Solar	et	al.,	2009

duct
Sox9-IRES-

CreERT2 Sox9 up	to	97%
3%	acinar	cells	one	day	

after	Tam
Furuyama	et	al.,	2011

duct Sox9-CreERT2 Sox9 70%
no	label	in	acinar	or	

endocrine	
Kopp	et	al.,	2011

endocrine

α-cells
Gluc-rtTA	TetO-

Cre
Glucagon 90% not	detailed Thorel	et	al.,	2010

β-cells RIP-CreERT Rat	insulin 30% no	label	in	non-β-cells Dor	et	al.,	2004

δ-cells SST-Cre Somatostatin 80% <1%	β-cells	and	α-cells Chera	et	al.,	2014
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1.3.1.2 The role of acinar cells in pancreatic regeneration. 

Apart from ductal cells, acinar cells have also been debated as putative sources for 

pancreas regeneration. In fact, early work noted a considerable proliferative 

capacity and proposed a self-regenerating competence similar to hepatocytes after 

partial hepatectomy (Fitzgerald et al., 1966). Acinar cells are an attractive source 

for β-cell replacement strategies, particularly due to their high abundance (Baeyens 

and Bouwens, 2008).  

When cultured with leukemia inhibitory factor (LIF) and epidermal growth factor 

(EGF) supplemented media, acinar cells were shown to transdifferentiate to β-cells 

(Baeyens et al., 2005). LIF/EGF treatment induced transient Ngn3 expression via 

JAK/STAT3 (Janus Kinase/ Signal Transducer And Activator Of Transcription 3) 

signalling and pharmacological inhibition of the JAK/STAT3 pathway and Ngn3 

RNA interference abolished transdifferentiation (Baeyens et al., 2006). Eventually, 

the possibility of acinar-to-β-cell conversion was also proven in vivo by genetic 

acinar cell modification or transient cytokine treatment (Zhou et al., 2008, Baeyens 

et al., 2014). In line with their previous studies on acinar-to-β-cell 

transdifferentiation in vitro, Baeyens et al. found in vivo delivery of EGF and ciliary 

neurotrophic factor (CNTF) to activate STAT3 signalling and induce Ngn3 

expression in acinar cells, which subsequently reprogrammed to β-cells (Baeyens 

et al., 2014). Similar results were obtained by the group of Douglas Melton using 

adenovirus-mediated overexpression of the key developmental pro-endocrine 

factors Pdx1, Ngn3 and V-Maf Avian Musculoaponeurotic Fibrosarcoma Oncogene 

Homolog A (Mafa) in acinar cells (Zhou et al., 2008). Reprogramming occurred 

three days following transduction without apparent signs of acinar cell 

dedifferentiation and the underlying molecular and structural steps were elusive 

(Zhou et al., 2008). Together these studies nicely illustrated a plastic capacity of 

acinar cells, evoked by external stimuli, and highlighted the role of Ngn3 expression 

in the adult pancreas (Figure 7).  

Lineage tracing studies using CreERT2 expression under the acinar cell-specific 

Elastase 1 promoter (Ela1-CreERT2) combined with conditional β-galactosidase 

(lacZ) expression could confirm the self-regenerating capacity of acinar cells in 

response to 80% pancreatectomy and acute pancreatitis. However, there was no 

acinar-derived contribution to the endocrine gland suggesting lineage restriction of 
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acinar cells in the unperturbed pancreas (Desai et al., 2007). In 2013 the claims of 

the apparent unipotency of acinar cells were revisited. Arguing that multipotency 

could be restricted to a subset of acinar cells, which might have been overlooked 

by previous studies that relied on inefficient acinar cell recombination, Pan et al. 

sought to increase labeling efficiency. To this end, the authors employed lineage 

tracing under the acinar instructive determinant Ptf1a (Pan et al., 2013). Ptf1a is a 

major factor in the control of zymogen expression and mutations in the PTF1A 

gene have been associated with pancreatic agenesis in human and mouse (Rose 

et al., 2001, Sellick et al., 2004, Weedon et al., 2014). The model generated by Pan 

et al. proved to be more efficient in targeting acinar cells than the previously used 

Ela1-CreERT2 line (Desai et al., 2007, Pan et al., 2013). Whilst confirming acinar 

self-replication, acinar cells did not give rise to the ductal or endocrine lineages in 

tissue homeostasis, in line with previous results with the Ela1-CreERT2 line (Desai 

et al., 2007, Pan et al., 2013). However, tissue damage, induced by ligation of the 

main pancreatic duct (PDL), resulted in the transdifferentiation of acinar cells to a 

duct like fate by acinar-to-ductal metaplasia (Pan et al., 2013). 40% of these duct-

like cells expressed the progenitor marker Ngn3, normally undetectable in the 

homeostatic adult pancreas (Rukstalis and Habener, 2009). Interestingly, this 

transient ADM phase gave rise to both acinar and endocrine cells (Pan et al., 2013). 

This suggests that ADM cells, specifically induced in response to acute pancreatic 

injury, can function as multipotent progenitors in the adult pancreas (Figure 7). 

Nevertheless, it remains to be addressed whether ADM cells are multipotent 

progenitors (facultative stem cell) or if the cross-lineage regeneration is a result of 

mutually exclusive unipotent fate choices (duct, acinar or endocrine) per cell. 

 

Several publications have assessed acinar heterogeneity. B lymphoma Mo-MLV 

insertion region 1 homolog (Bmi1), a marker of intestinal stem cells, was found to 

be expressed in a subset of long-lived and self-replicating adult acinar cells 

(Sangiorgi and Capecchi, 2009). Doublecortin and Ca2+ / calmodulin-dependent 

kinase-like-1 (Dclk1), which has been identified in subpopulations in gastro-

intestinal stem cell compartments, marks subpopulations of pancreatic duct and 

acinar cells as well as δ-cells (May et al., 2010, Eliashar et al., 2012, Westphalen et 

al., 2016). In their recent study, Westphalen et al. found the Dclk1+ acinar lineage 

to expand over time and to have a higher in vitro sphere forming capacity, one of 
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the hallmarks of tissue stem cells (Pastrana et al., 2011, Westphalen et al., 2016). 

PDL, pancreatectomy or pancreatitis, induced by the cholecystokinin-like peptide 

caerulein, further boosted lineage expansion, suggesting an enhanced self-

replicating capability. Contribution to the ductal and endocrine lineage was however 

not assessed and the role of the 20% non-acinar Dclk1+ cells (ductal and δ-cells) 

remains to be addressed (Westphalen et al., 2016).  

The dynamics of the adult acinar and ductal lineages continue to be incompletely 

understood. Several studies suggest a heterogeneous capacity to self renew and, 

under a tissue damaging insult, contribute to other pancreatic compartments. 

Whether there are distinct subpopulations or rather a broad spectrum of diverse 

responses by the same cell, tailored to distinct stimuli, is not clear. Now, with the 

oncoming era of single cell biology, a better understanding of the dynamic roles of 

duct-, acinar- and ADM populations is slowly coming within reach. 

 Table 2 - Summary of experimental pancreatic regeneration. 

Traced	cell Endocrine	
regeneration

Exocrine	
regeneration

Experiment Cre	line Reference

exocrine

acinar no yes	(acinar) 80%	PX	and	acute	
pancreatitis Ela1-CreERT2 Desai	et	al.,	2007

acinar yes	via	ADM yes	(acinar) PDL Ptf1a-CreERT Pan	et	al.,	2013

80%	acinar NA self-
replication

ageing Bmi1-CreERT Sangiorgi	and	
Capecchi,	2009

80%	acinar NA yes	(acinar) PX,	PDL,	acute	
pancreatitis Dclk1-CreERT Westphalen	et	al.,	

2016

duct+acinar no self-
replication

ageing Muc1-IRES-
CreERT2

Kopinke	and	Murtaugh,	
2010

duct yes NA PDL CAII-CreERT Inada	et	al.,	2008

duct no yes	(acinar) PX,	PDL,	acute	
pancreatitis

Sox9-IRES-
CreERT2 Furuyama	et	al.,	2011

duct no no PDL,	STZ Sox9-CreERT2 Kopp	et	al.,	2011

duct no no ageing,	PDL,	Alloxan Hnf1b-CreERT2 Solar	et	al.,	2009

endocrine

α-cell yes	(β-cells) NA 99%	β-cell	ablation	
(RIP-DTR)

Gluc-rtTA	TetO-
Cre

Thorel	et	al.,	2010

β-cells self-
replication

NA ageing	and	70%	PX RIP-CreERT Dor	et	al.,	2004

δ-cells yes	(β-cells) NA 99%	β-cell	ablation	
(RIP-DTR)

SST-Cre Chera	et	al.,	2014

NA -not assessed; PDL	-	pancreatic	duct	ligation;	PX	-	pancreatectomy;	STZ	-	streptozotocin 
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1.3.2 Regeneration from the endocrine compartment. 

Whilst initially described as post-mitotic cells, studies in the second half of the 

twentieth century highlighted the replicative potential of adult β-cells, specifically 

after a diabetic stimulus (Like and Chick, 1969, Granger and Kushner, 2009). Later 

studies confirmed increased β-cell replication in diabetes and extended this to 

postnatal maturation, pancreatectomy-induced regeneration and pregnancy 

(Brockenbrough et al., 1988, Parsons et al., 1992, Bonner-Weir et al., 1993). A key 

study was published by Doug Melton’s group in 2004. The authors traced the β-cell 

lineage in adult mice in conditions of homeostasis and 70% pancreatectomy and 

described self-replication as the main factor driving β-cell maintenance and 

regeneration (Dor et al., 2004). Subsequent studies confirmed these findings and 

proposed that the same replicative capacity was shared by all β-cells (Brennand et 

al., 2007, Teta et al., 2007). Interestingly, the compensatory replicative capacity of 

β-cells is specifically acquired during weaning, a metabolic trigger that increases 

the mitogenic and secretory response of β-cells to glucose (Stolovich-Rain et al., 

2015). Suckling mice failed to initiate compensatory β-cell replication upon β-cell 

loss and this could be rescued by premature weaning (Stolovich-Rain et al., 2015). 

The knowledge of β-cell replication was further refined in two recent publications. 

Bader et al. described the existence of two β-cell sub-populations, a mature and an 

actively replicating population. These are distinguishable by expression of the Wnt/

planar cell polarity (PCP) effector Flattop (Fltp) and Wnt/PCP signalling triggers 

the switch between the two fates (Bader et al., 2016). Markus Grompe’s group 

identified four β-cell sub-populations in human islets. These cells are marked by 

differential expression of ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-

Siayltransferase 1 (ST8SIA1) and Tetraspanin-29 (CD9) (Dorrell et al., 2016). The 

dynamics and relative commitment of β-cell sub-populations remain to be 

understood.  

Whilst self-replication has been shown to be the main regenerative mechanism 

after partial β-cell loss, the existence of a facultative non-β-cell progenitor cannot be 

excluded. Pax4 misexpression has been shown to induce α-to-β-cell 

transdifferentiation in embryonic and adult mice, suggesting the possibility to 

interconvert pancreatic endocrine cells (Collombat et al., 2009, Al-Hasani et al., 

2013). Furthermore, α-cells and δ-cells have been elegantly shown to regenerate 

47 
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the β-cell lineage after extreme β-cell loss and in an age dependent manner 

(Thorel et al., 2010, Chera et al., 2014). Thorel et al. assessed the role of α-cells in 

β-cell regeneration. To this end, they traced α-cells via a glucagon-rtTA TetO-Cre : 

R26-EYFP system. Delivery of the tetracycline derivative doxycycline (DOX) 

activates the rtTA (reverse tetracycline transactivator) protein, expressed under 

glucagon regulating sequences, to bind the TetO (tetracycline operator) sequence 

initiating Cre expression. Once Cre is expressed it recombines the flox-Stop-flox 

sequence upstream of the Enhanced Yellow Fluorescent Protein (EYFP) open 

reading frame in α-cells. This tracer was recombined with drug mediated selective 

β-cell ablation. Thorel et al. used expression of a insulin promoter driven diphtheria 

toxin receptor (DTR) to ablate β-cells by administration of DT (Thorel et al., 2010). 

The extent of β-cell loss mimicked the juvenile form of diabetes (T1D), which is 

characterized by drastic β-cell mass deficits of around 85% (Matveyenko and Butler, 

2008). Thorel et al. found that upon β-cell ablation, α-cells spontaneously activated 

expression of β-cell-specific transcription factors Pdx1, Nkx6.1 and Pax4 and 

transdifferentiated to β-cells via insulin/glucagon co-positive intermediates (Thorel 

et al., 2010). Co-ablation of β- and α-cells abolished regeneration. Interestingly, the 

proportion of α-cell-derived β-cells varied between 32% and 81%, independently of 

the efficiency of β-cell depletion, thus suggesting the role of further factors 

mediating the regenerative response (Thorel et al., 2010). In a follow-up study, the 

same authors showed that this mechanism is restricted to adult mice, whereas in 

prepubescent mice specifically δ-cells reprogrammed to a β-cell like fate after 

extreme β-cell loss (Figure 7) (Chera et al., 2014).  

Together these studies evoke a picture of a mild and highly dynamic regenerative 

capacity of the adult pancreas, which is far from completely understood. Whilst self-

replication is the main driver upon a mild damaging insult, transdifferentiation, for 

example of exocrine-to-endocrine or α/δ-to-β-cells, has been shown to play a 

varying role (Figure 7). On a technical note, these studies also highlight the 

necessity to assess regeneration under various contexts and with complementing 

experimental settings, essential to appreciate the nature of pancreas homeostasis 

and regeneration.  
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Figure 7 - Plasticity in the adult pancreas. 

Illustration of the current view of pancreas regeneration and lineage 
interconversion. Acinar, duct and endocrine cells have a self-replicative potential 
that maintains the lineages and can be stimulated by organ damage. Furthermore, 
plasticity has been described amongst endocrine cell types, but also between duct 
or acinar-derived duct-like cells and β-cells. Ngn3 and Pdx1 play a major role 
therein and further factors, including Kras and Jak/STAT signalling as well as 
regulation of Ngn3 protein stability have been identified controlling 
transdifferentiation.  
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1.4 Pancreatic Cancer.  

In contrast to the continuously improving statistics of most cancer diseases, 

pancreatic ductal adenocarcinoma (PDAC), also referred to as pancreatic cancer, 

remains infamous for its devastating prognosis. With a current 5-year survival rate 

of 8% and increasing incidence, PDAC is among the deadliest cancer types 

(Malvezzi et al., 2015, Gharibi et al., 2016, Siegel et al., 2016). One reason for the 

high mortality is its silent progression leading to a late diagnosis, in more than half 

of cases, by which time the cancer has spread, invaded neighbouring tissues and 

become unresectable. In contrast, diagnosis of localized PDAC, which is confined 

to the pancreas (no or minimal involvement with the mesenteric vasculature), is 

associated with a 5-year survival rate of almost 30% (Siegel et al., 2016). 

Pancreatic cancer has been estimated to require more than ten years until 

metastasis, presenting a considerable window of opportunity for early detection, 

which is currently unused due to a lack of imaging methods and reliable biomarkers 

(Yachida et al., 2010, Gharibi et al., 2016). Thanks to dedicated scientific efforts, 

today much, though far from all, of the genetic landscape underlying the disease 

has been unravelled (Ying et al., 2016). Despite tremendous progress on the 

molecular understanding of pancreatic cancer, the lack of knowledge of PDAC 

biology persists. In particular, early events in tumourigenesis, for example the 

originating cell, its transformation and progression to preneoplastic lesions, as well 

as the role of the microenvironment in this process, remain largely elusive.  

 

1.4.1 Genetics of pancreatic cancer. 

Enormous progress in the last twenty years has identified core driver mutations, 

and individually altered pathways in PDAC and their correlation with treatment 

efficacy and prognosis has begun to be established. The most common genetic 

alterations, which are thought to play a causal role in pancreatic tumourigenesis, 

are found in KRAS, Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A/p16), SMAD 

(Mothers Against Decapentaplegic) Family Member 4 (SMAD4) and Tumour 

Protein P53 (TP53) loci, which together make the “genetic fingerprint” of PDAC 

(Rozenblum et al., 1997, Iacobuzio-Donahue, 2012). Patients with only one or two 

of these “driver mutations” have an overall better survival and more indolent 
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disease (Yachida et al., 2012). With a rate of 95%, KRAS is most commonly 

mutated and patients without a KRAS mutation have a significantly better overall 

survival (Iacobuzio-Donahue et al., 2012, Rachakonda et al., 2013). The KRAS 

proto-oncoprotein is a guanosine-tri-phosphatase (GTPase) that cycles between a 

GTP bound, active, and guanosine-di-phosphate (GDP) bound, inactive, form. 

Guanine nucleotide exchange factors (GEFs) promote the loading of GTP for GDP 

and GTPase-activating proteins (GAPs) regulate KRAS activity by inducing GTP 

hydrolysis. 98% of the KRAS activating mutations are found in codon 12 and 13 of 

exon 2, for example KRASG12D, which abrogates the KRAS inherent GTPase 

activity and blocks the interaction with GAPs. Hence, KRAS is rendered 

constitutively active and adopts a pro-tumorigenic role by the uncontrolled 

activation of various downstream pathways culminating in evasion of apoptosis, 

proliferation, metabolic rewiring, cell migration and metastasis, amongst others 

(Eser et al., 2014). In fact, it was shown that constitutive active Kras is sufficient to 

initiate ADM, premalignant lesions and eventually PDAC in the mouse (Hingorani et 

al., 2003, Guerra et al., 2007, Seidler et al., 2008, Morris et al., 2010, Pylayeva-

Gupta et al., 2011). Additionally, Kras plays an important role in tumour 

maintenance and progression and metastasis growth (Collins et al., 2012a, Collins 

et al., 2012b, Ying et al., 2012). The multifaceted effects of Kras are mediated by a 

dynamic interplay of downstream effectors, subject to intense studies in the recent 

years. Kras-PI3K(p110α)-Pdk1-Akt signalling has been identified as a potent 

initiator of ADM, PanIN (Pancreatic Intraepithelial neoplasia) and PDAC and 

inactivation of Pyruvate Dehydrogenase Kinase 1 (Pdk1), Phosphatidylinositol-4,5-

Bisphosphate 3-Kinase Catalytic Subunit Alpha (p110α) and pharmacological 

p110α inhibition blocked KrasG12D driven tumourigenesis (Eser et al., 2013, Baer et 

al., 2014). Canonical MAPK signalling is another potent driver of neoplastic 

initiation, as shown in a mouse model of pancreas restricted conditional, oncogenic 

BrafV600E mutation (Collisson et al., 2012). A further important role of Kras signalling 

lies in the rewiring of the cytoskeletal machinery controlling cell shape, the 

mechanical basis of changing the untransformed epithelial architecture to a 

deformation resembling the individual malignancy identified by the pathologist in a 

tissue biopsy (DuFort et al., 2011). For example, ADM nicely illustrates this process. 

The large acinar cells need to drastically reduce their volume and restructure their 

cytosolic organization to become small cuboidal duct-like cells that are void of any 
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zymogens but express ductal markers instead (Shi et al., 2013). Kras signalling has 

been shown to initiate ADM in vitro and in vivo (Hingorani et al., 2003, Habbe et al., 

2008, Seidler et al., 2008, Shi et al., 2013, Eser et al., 2014). The morphological 

changes of ADM depend on an immediate reorganization of the actin cortex, the 

key player in cell shape regulation, and p110α dependent activation of RhoA has 

been identified as a crucial upstream effector (Bi et al., 2005, Heid et al., 2011, 

Baer et al., 2014). Additionally, Rac1 has been shown essential for actin 

polymerization in ADM and independently of p110α (Bi et al., 2005, Heid et al., 

2011). Deletion or inhibition of either p110α, Rac1 or Rho drastically reduces ADM 

formation (Bi et al., 2005, Heid et al., 2011, Baer et al., 2014). The ADM process 

results eventually in the formation of tubular complexes, duct resembling structures 

that are built of acinar-derived duct-like cells (Strobel et al., 2007b, Strobel et al., 

2007a). Kras activity is continuously required to maintain tubular complexes and if 

experimentally turned off, these structures revert to acinar cells (Collins et al., 

2012a).  

CDKN2A/p16, which controls the G1-S cell cycle checkpoint, is one of the most 

commonly inactivated tumour suppressors in PDAC, and normally mutated in early 

lesions (PanIN-2) (Maitra and Hruban, 2008). TP53 is inactivated in 75% of PDAC 

patients (Jones et al., 2008, Maitra and Hruban, 2008, Waddell et al., 2015, Tanaka, 

2016). As a promoter of cell cycle arrest and apoptosis initiation, TP53 inactivation 

bypasses cell cycle checkpoints and results in uncontrolled cell division (Maitra and 

Hruban, 2008). SMAD4, an effector of the TGFβ signalling pathway, is inactivated 

in 55% of cases and usually found in more advanced lesions (PanIN-3) (Maitra and 

Hruban, 2008). Apart from its genetic fingerprint, twelve core signalling pathways, 

including KRAS, Integrin and small GTPase signalling, have been identified by 

global genomic analysis to be genetically altered in many PDAC (Jones et al., 2008, 

Iacobuzio-Donahue et al., 2012).  

In 2011, PDAC was sub-classified into three distinct subtypes, classical, exocrine-

like and quasi-mesenchymal by transcriptional profiling of primary tumour samples 

and human and mouse PDAC cell lines (Collisson et al., 2011). Importantly, the 

three groups correlated with different prognosis with the quasi-mesenchymal PDAC 

being most aggressive (Collisson et al., 2011).  
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1.4.2 Premalignant lesions of the pancreas. 

The classification and characterization of premalignant lesions of PDAC has been a 

major contribution to the understanding of the disease and a basis for the 

development of biomarkers and imaging techniques aiding early detection 

(Esposito et al., 2014). It is a field of continuous refinements as classifications are 

revised and new lesion types proposed. PanIN lesions are a good example. As the 

best-studied premalignant lesion in the pancreas, they were referred to under 

various names for decades and the to-date nomenclature was only coined in 1999 

(Cooper et al., 2013). Here, a summary of the premalignant lesions of PDAC shall 

be given.  

 

1.4.2.1 PanIN – Pancreatic Intraepithelial Neoplasia. 

PanIN lesions are the most frequent and best-studied precursor lesions of PDAC 

and usually detected in small intralobular ducts (Hruban et al., 2004). They are 

microscopic (<5 mm), mucinous-papillary lesions, postulated to progress to 

invasive carcinoma through an adenoma-carcinoma sequence (Esposito et al., 

2014). This progression, sub-classified into stages PanIN-1 to PanIN-3, is marked 

by the degree of cytological and architectural atypia and paralleled by an 

accumulation of genetic alterations (Figure 8) (Maitra and Hruban, 2008). PanIN-1a 

is characterized by flat and PanIN-1b by papillary epithelium (Zamboni et al., 2013, 

Distler et al., 2014). Both are composed of tall columnar cells with small basal 

nuclei of round-to-oval shape and abundant supranuclear mucin (Bosman et al., 

2010). 90% of low grade PanINs have been shown to contain cells mutated in the 

Kras locus, one of the earliest events in the mutational sequence to PDAC 

formation (Kanda et al., 2012, Esposito et al., 2014). Further molecular changes 

are telomere shortening, CpG island hypermethylation and the beginning 

expression of Muc5AC (Maitra et al., 2003, Distler et al., 2014). PanIN-2 lesions, 

which can be flat but are mostly papillary, show first cytological and architectural 

atypia, for example nuclear crowding, pleomorphism and hyperchromasia (Bosman 

et al., 2010, Zamboni et al., 2013). Inactivation of the tumour suppressor 

CDKN2A/p16 as well as mutations in MUC1 have been associated with this stage 

(Kanda et al., 2012, Zamboni et al., 2013). PanIN-3 is considered carcinoma in situ, 
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characterized by severe cytological and architectural atypia. PanIN-3 is only rarely 

flat, usually cribriform and small cell clusters may be seen “budding off” into the 

lumen (Bosman et al., 2010). PanIN-3 lesions often contain deleted or inactivated 

tumour suppressor genes, such as SMAD4 and TP53 (Maitra et al., 2003, Esposito 

et al., 2014). In some patients, rare PanIN variants have been described that are 

thought not to have special clinical significance (Zamboni et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8 - Histological presentation of PanIN lesions. 

A) PanIN 1A lesions with flat epithelium, basal nuclei and supranuclear mucin. (20 
fold magnification). B) PanIN 1B lesion (arrow) showing papillary architecture (20 
fold magnification). C) PanIN 2 lesion with papillary architecture, moderate 
cytological atypia and retained nuclear polarity. (20 fold magnification). D) PanIN 3 
lesion with papillary architecture, cytological atypia and lost nuclear polarity. (40 
fold magnification). Figure adapted from Distler et al., 2014. For permission of use 
see Chapter 7, Appendix. 
  

A PanIN 1A B PanIN 1B
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1.4.2.2 IPMN – Intraductal Papillary Mucinous Neoplasm. 

IPMN is known as the second most frequent class of premalignant lesions, which 

until recently included the ITPN lesions described below (Bosman et al., 2010). 

This premalignant lesion is found in main- and side-branch ducts and is marked by 

papillary hyperproliferation and mucin production, associated with a, sometimes 

obstructive, dilatation of the involved duct (Distler et al., 2014). IPMN is thought to 

arise in the pancreatic head and to progress along the main pancreatic duct 

(Basturk et al., 2009). The uninvolved pancreas can display chronic pancreatitis, 

one of the rare symptoms seen in IPMN patients (Salvia et al., 2004, Schnelldorfer 

et al., 2008, Cooper et al., 2013). Several subtypes have been described on the 

basis of their histological and immunohistochemical characteristics, especially in 

expression of mucins 1, 2, 5AC and 6 and the intestinal marker Caudal Type 

Homeobox 2 (CDX2) (Figure 9) (Lüttges et al., 2001, Furukawa et al., 2005, 

Yonezawa et al., 1999). IPMN localization, together with histological subtype and 

the underlying mutations, correlates with prognosis (Bosman et al., 2010, Schlitter 

and Esposito, 2012, Zamboni et al., 2013). KRAS and GNAS1 mutations are early 

genetic alterations followed by TP53 (Bosman et al., 2010, Dal Molin et al., 2013). 

SMAD4 and CDKN2A/p16 inactivation are only rarely seen before the development 

of invasive carcinoma (Iacobuzio-Donahue et al., 2000b, Biankin et al., 2002, 

Maitra and Hruban, 2008).  
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Figure 9 - Histological presentation of IPMN. 

A) IPMN pancreatobiliary subtype with high grade dysplasia, lost nuclear polarity 
and complex papillae formation (20 fold magnification). B) IPMN gastric foveolar 
subtype (branch duct) with low-grade dysplasia, flat to papillary architecture and 
basally oriented nuclei. (20 fold magnification). C) IPMN intestinal subtype with low 
to intermediate dysplasia, long finger-like papillae and elongated nuclei. (4 fold 
magnification). Figure adapted from Distler et al., 2014. For permission of use see 
Chapter 7, Appendix. 
 
 
 
 
 
 
 

C intestinal

B gastric foveolar

A pancreatobiliary



Chapter 1 Introduction 

57 

 

1.4.2.3 ITPN – Intraductal Tubulopapillary Neoplasm. 

The classification of ITPN has only been recognized in 2010 as a distinct class, 

previously part of IPMN lesions (Bosman et al., 2010). Whilst an exact frequency 

cannot be determined yet due to its relatively young classification, ITPN has only 

rarely been reported so far (Cooper et al., 2013). Similar to IPMN, ITPN originates 

from the main pancreatic duct or side-branch ducts where it forms nodules within 

dilated ducts (Cooper et al., 2013). In detail, ITPN is defined as a grossly visible, 

tubule-forming epithelial neoplasm characterized by high-grade dysplasia, ductal 

differentiation and no apparent mucin production (Bosman et al., 2010). The 

lesions have a solid or cribriform architecture built of closely packed tubules of 

cuboidal or columnar cells with enlarged oval shaped nuclei (Tajiri et al., 2005, 

Yamaguchi et al., 2009, Bosman et al., 2010). 

 

1.4.2.4 MCN – Mucinous Cystic Neoplasm. 

MCN is considered the most infrequent premalignant lesion and is almost 

exclusively found in women (Distler et al., 2014). It often occurs solitarily, is 

asymptomatic and thus mostly found incidentally (Zamboni et al., 2013). MCNs are 

large, multilocular, cystic lesions with septations, that typically present no 

connection to the pancreatic ducts (Maitra and Hruban, 2008, Cooper et al., 2013). 

Characteristically, MCNs are enveloped in a fibrous pseudocapsule with 

calcifications and an ovarian-like stroma that expresses progesterone and estrogen 

receptors (Figure 10). Overall, the prognosis for patients with MCN is favourable 

with a 5-year survival rate of almost 100% for non-invasive MCN and 60% for 

resected invasive MCN (Crippa et al., 2008). KRAS mutations are found in early 

MCN, whilst high-grade dysplastic MCNs and invasive carcinomas present TP53, 

CDKN2A/p16 and SMAD4 mutations (Jimenez et al., 1999, Iacobuzio-Donahue et 

al., 2000a, Distler et al., 2014). 
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Figure 10 - Histological presentation of MCN. 

A) Multicystic MCN with cuboidal to columnar lining, mild dysplasia and ovarian 
type stroma. (Twofold magnification). B) Higher magnification of MCN showing 
columnar epithelial lining and underlying ovarian type stroma. (40 fold 
magnification). Figure adapted from Distler et al., 2014. For permission of use see 
Chapter 7, Appendix. 
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1.4.2.5 AFL – Atypical Flat Lesion. 

The most recently proposed class of PDAC premalignant lesions is the atypical flat 

lesion and is not yet included in the World Health Organization (WHO) classification 

of pancreatic tumours (Bosman et al., 2010). AFL is characterized by a ductal 

cuboidal epithelium with high nuclear to cytoplasmic ratio, high proliferative index 

and expanded α-smooth muscle actin (αSMA) positive stroma (Figure 11) (Aichler 

et al., 2012). AFLs are often found in areas of high ADM and consequently a 

centroacinar cell origin or a progression of acinar cell to AFL via ADM and tubular 

complexes has been suggested (Aichler et al., 2012, Esposito et al., 2012).   

 

 

 

 

Figure 11 - Histological presentation of AFL. 

A) ADM in areas of lobulocentric atrophy with AFL lesions (arrows). B) AFL with 
cellular atypia and typical stromal reaction. Figure adapted from Esposito et al., 
2014. For permission of use see Chapter 7, Appendix. 
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1.4.3 PDAC progression. 

Due to unspecific symptoms of PDAC progression, pancreatic cancer patients 

commonly present to the clinic at advanced stage, when the tumour has spread 

and infiltrated other organs. At this stage the tumour has become unresectable in 

most cases. In cases where resection can be performed, the clearance of tumour 

margins and their histological assessment by a pathologist constitutes an important 

part of the surgical procedure (Esposito et al., 2014). The resected margins can 

harbour preneoplastic lesions and their presence has been suggested to correlate 

with prognosis (Ethun and Kooby, 2016). The identification of preneoplastic lesions 

is not only of importance at advanced stage, but has additional implications for 

early disease detection. Due to its location in the abdominal cavity between 

duodenum, stomach and spleen, access to the pancreas requires invasive 

approaches and, in contrast to more accessible organs such as the colon or the 

cervix, screening is only performed if justifiable, for example unequivocal symptoms 

or family history (Esposito et al., 2014). Thus, a better understanding of the early 

events in PDAC initiation and progression lends hope to the possibility of early 

PDAC diagnosis via the detection of biomarkers in the blood or stool of patients. 

Extensive analyses of pancreata from non-cancerous patients and PDAC biopsies 

led to the proposal of a PDAC progression model from pancreatic ducts. Through a 

sequence of genetic alterations, duct cells were thought to give rise to hyper-

proliferative, mucinous ducts with increasing cytological atypia, identifiable as 

PanIN lesions (Hruban et al., 2000). However, with the era of genome editing and 

the first mouse models of pancreatic cancer, this progression model was 

challenged as ducts were reported refractory to oncogenic Kras activation, the 

driver of PDAC initiation (Brembeck et al., 2003, Ray et al., 2011, Kopp et al., 

2012). Instead, acinar cells were shown to give rise to PanIN lesions and 

subsequent invasive PDAC. Oncogenic Kras activation in the acinar compartment 

led to acinar-to-ductal metaplasia (ADM), resulting in cuboidal cells positive for 

ductal markers Krt19 and Hnf1β, but negative for acinar produced zymogens. 

Detailed time course analyses with genetic tracers of the acinar progeny described 

their progression to mucinous PanIN 1, 2 lesions and eventually carcinoma in situ 

(Guerra et al., 2007, Habbe et al., 2008, Kopp et al., 2012). 
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1.4.4 Cellular origin of PDAC. 

PDAC and its precursor lesions share a ductal phenotype. In histological analysis, 

PDAC presents as an aberrant arrangement of different sized back-to-back tubules 

embedded in abundant stroma. Furthermore, PDAC expresses a range of proteins 

commonly found in normal duct cells, including the cytokeratins Krt7, Krt8, Krt18, 

Krt19, the mucin Muc1 and the ductal transcription factor Hnf1β (Hamilton and 

Aaltonen, 2000). IPMN and ITPN lesions are commonly found in the ductal 

epithelium of high-calibre ducts and PanIN lesions have been reported to present a 

direct communication with the ductal system (Bosman et al., 2010, Esposito et al., 

2014). Together, this for a long time led researchers to conclude a duct cell PDAC 

origin (Esposito et al., 2014). The generation of genetically modified mouse models 

to reproduce PDAC formation and progression has challenged this dogma as duct 

cells were reported rather refractory to oncogenic KrasG12D mutation in the absence 

of tissue damage, and duct-restricted oncogenic Kras activation did not evoke 

mucinous neoplasias (Brembeck et al., 2003, Ray et al., 2011, Kopp et al., 2012). 

Instead, acinar cells have been shown to give rise to PDAC in a stepwise 

progression from ADM (acinar-to-ductal metaplasia) to PanIN lesions and invasive 

carcinoma (Guerra et al., 2007, Habbe et al., 2008). This stands in sharp contrast 

to the progression scheme drawn from the analysis of tissue biopsies. The 

differences lie not only in the originating cell identity, with its possible relevance for 

the development of targeted treatment strategies, but also in the lesion localization 

and its relative exposure to blood and lymph vessels or nerves, structures that play 

a role in lesion progression and metastatic disease (Gharibi et al., 2016). For 

example, as detailed above, high calibre ducts usually stand in close proximity to 

bigger vessels (Bonner-Weir, 1993, El-Gohary et al., 2012). 

The model of PDAC progression from an acinar cell source was recently 

complemented by studies that combined oncogenic Kras activation with loss of the 

tumour suppressors p53 or Fbw7 specifically in pancreatic duct cells (see 1.4.5 

Mouse models of pancreatic cancer) (Bailey et al., 2015, Ferreira et al., manuscript 

submitted). These studies did not only show that duct cells can give rise to PDAC, 

but furthermore that the progression, in contrast to acinar cells, occurs without 

mucinous intermediates.  
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Figure 12 - PDAC cellular origin and premalignant lesions. 

Illustration of current views on PDAC origin based on clinical data and findings from 
PDAC mouse models. IPMN and ITPN are found arising in the ductal epithelium in 
the human pancreas and similar lesions were found in mice carrying duct-restricted 
oncogenic mutations. PanIN lesions are also thought to have a ductal origin in 
humans, but data from acinar directed oncogenic transformation in the mouse 
suggest an acinar origin, wherein acinar cell undergo ADM prior to PanIN 
formation. AFL and MCN have so far only been described in the human pancreas 
and in prenatal PDAC GEMs and their cellular origin in the mouse remains unclear. 
AFL is thought to arise from acinar or centroacinar cells through a sequence of 
ADM, tubular complexes (TC). Lesion progression towards invasive PDAC is 
accompanied by an accumulation in driver mutations and dysplasia. Prognosis 
differs for different lesion types and is drastically reduced in invasive carcinoma. 
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1.4.5 Mouse models of pancreatic cancer. 

Initial studies on pancreatic cancer have evoked PDAC in rodents by directed 

administration of carcinogens (Bardeesy et al., 2001). For example, in mice, 

several studies induced pancreatic cancer with the polycyclic aromatic hydrocarbon 

7,12-dimethylbenz(a)anthracene (DMBA) and reported formation of ADM, tubular 

complexes, PanIN and local PDAC (Osvaldt et al., 2006, Kimura et al., 2007, 

Westphalen et al., 2016). The mechanisms of DMBA induced tumourigenesis 

depend on DNA damage, induced by metabolized DMBA forming DNA adducts, 

and may possibly involve additional signalling routes culminating in the initiation of 

an oncogenic signalling network, which, in the pancreas is not known (Rundle et al., 

2000, Currier et al., 2005).  

Genetically engineered mouse (GEM) models have received increasing attention 

with the aim to recapitulate human PDAC and dissect the molecular and 

morphological basis of tumourigenesis in the pancreas. GEM models are valued as 

an important tool in the development of both diagnostic and therapeutic strategies. 

The first model to faithfully recapitulate human PDAC used pancreas-restricted 

embryonic activation of oncogenic Kras signalling. Hingorani et al. interbred mice 

harbouring a lox-Stop-lox-(LSL)-KrasG12D cassette with a strain expressing Cre 

recombinase under Pdx1- or Ptf1a-regulating sequences (Hingorani et al., 2003). 

With the involvement of Pdx1 and Ptf1a in embryonic development, Cre 

recombinase was expressed in the developing pancreas (Pdx1-Cre E8.5; Ptf1a-Cre 

E9.5) and would inherit this irreversible activation of the LSL-KrasG12D cassette in 

all nascent lineages. PanIN-1A lesions and ADM were identifiable at 2 weeks of 

age and older animals presented higher-grade PanINs and eventually PDAC 

(Hingorani et al., 2003). Later, the same model was described to give rise to the 

recently proposed AFL, as well (Aichler et al., 2012).  

Subsequently the role of the three tumour suppressors in the genetic “PDAC 

fingerprint”, as well as mutations found in familial forms of pancreatic cancer were 

put to the test. Combination of KrasG12D activation with conditional deletion of p53, 

Smad4, Cdkn2A, Notch1, Serine/Threonine Kinase 11 (Lkb1) and others all led to 

PDAC and significantly reduced survival in comparison to KrasG12D-only littermates 

(Guerra and Barbacid, 2013). Interestingly, the premalignant lesions differed, 

suggesting a role of cellular origin and driver mutation in defining lesion character. 
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Together, those studies have made great advances in the understanding of PDAC 

genetics.  

 

 
Table 3 - Prenatal mouse models of pancreatic cancer. 

 

Prenatal PDAC models differ in their aetiology and pathophysiology from human 

PDAC. Human pancreatic cancer is a disease predominantly seen in adults and 

estimated to develop for more than 10 years until metastatic disease, following a 

sequence of sporadic genetic alterations (Maitra et al., 2003, Yachida et al., 2010, 

Siegel et al., 2016). In contrast, embryonic GEM models are thought to initiate 

tumourigenesis in the developing pancreas, which has not yet matured to its adult 

architecture. For example, the p53F/F : LSL-KrasG12D : Pdx1-Cre model, which 

combines oncogenic Kras activation with loss of p53, has a reported survival of 

three months of age, which would translate to a roughly 8 year old human 

(Bardeesy et al., 2006a). Hence, embryonic GEM models might be limited in their 

competence to faithfully recapitulate PDAC biology. With the wish to better mimic 

human PDAC, and also in light of the search for the PDAC cell of origin, oncogenic 

mutations became experimentally restricted to selective lineages in the adult organ. 

Those “second generation” models used tamoxifen inducible CreERT variant lines or 

Target	cell Cre	line Trigger Lesions Reference

progenitor

Pdx1-Cre Kras+/LSL-G12D ADM,	PanIN Hingorani	et	al.,	2003

Pdx1-Cre Kras+/LSL-G12D	:	Smad4lox/lox	 IPMN Bardeesy	et	al.,	2006

Pdx1-Cre Kras+/LSL-G12D	:	Lkb1lox/lox	 ADM,	PanIN Morton	et	al.,	2010

Pdx1-Cre Kras+/LSL-G12D	:	p53lox/lox	 ADM,	PanIN Bardeesy	et	al.,	2006

Pdx1-Cre Kras+/LSL-G12D	:	Fbw7lox/lox	 ADM,	PanIN Ferreira	et	al.,	
manuscript	in	prep.

Pdx1-Cre Kras+/LSL-G12D	:	Notch1lox/lox	 ADM,	PanIN Hanlon	et	al.,	2010

Ptf1a-Cre Kras+/LSL-G12D ADM,	PanIN Hingorani	et	al.,	2003

Ptf1a-Cre Kras+/LSL-G12D ADM,	PanIN,	AFL Aichler	et	al.,	2012

Ptf1a-Cre Kras+/LSL-G12D	:	Smad4lox/lox	 MCN Izeradjene	et	al.,	2007

Ptf1a-Cre Kras+/LSL-G12D	:	Elastase-TGFα PanIN,	IPMN Siveke	et	al.,	2007

Ptf1a-Cre Kras+/LSL-G12D	:	Brg1lox/lox	 IPMN Von	Figura	et	al.,	2015

E8.5	
progenitor

E9.5	
progenitor
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the doxycycline controlled TetO-Cre system to introduce tumourigenic genetic 

alterations in acinar, ductal or endocrine lineages specifically. Together, those 

studies showed that adult acinar cells can form ADM and PanIN lesions with 

spontaneous progression to PDAC dependent on inflammation, often caerulein-

induced pancreatitis (Guerra et al., 2007, Bailey et al., 2015). Also duct cells, long 

thought to be refractory to tumourigenesis, were eventually shown able to give rise 

to IPMN and invasive PDAC (von Figura et al., 2014, Roy et al., 2015, Bailey et al., 

2015). Recent data, generated in our group by Dr. Rute Ferreira, revealed that 

duct-to-PDAC progression neither involves mucinous PanIN-like lesions nor does it 

require caerulein-induced inflammation (Ferreira et al., manuscript submitted). In 

this study, oncogenic KrasG12D activation in combination with deletion of p53 or the 

tumour suppressor Fbw7 resulted in duct cell hyperproliferation and intratubular, 

papillary, non-mucinous lesions progressing to back-to-back tubules of a cribriform 

pattern. Upon oncogenic activation, duct cell shapes changed from cuboidal to 

columnar and transformed cells were readily identifiable by nuclear expansion and 

high nucleus-to-cytoplasmic ratio, distinct from the cytological features of PanIN 

lesions (Ferreira et al., manuscript submitted).  

Limited research has been carried out on the role of endocrine cells in PDAC 

initiation. Oncogenic KrasG12D activation with p53 deletion in β-cells rarely induced 

a cancer that was negative for insulin and synaptophysin. The lesions were not 

characterized for their resemblance of PDAC regarding cytological hallmarks, Krt19 

positivity or architecture (Gidekel Friedlander et al., 2009).  

 

In summary, GEM models of pancreatic cancer have revealed a multi-lineage 

source, ductal and acinar, for PDAC with distinct progressions. Whereas acinar 

cells progress via an ADM-PanIN-PDAC sequence, duct cells give rise to 

intraductal papillary lesions like IPMN or ITPN (von Figura et al., 2014, Roy et al., 

2015)(Ferreira et al., manuscript submitted). Other PDAC precursors such as MCN 

and AFL could so far only be detected in prenatal GEM models (Aichler et al., 2012, 

Guerra and Barbacid, 2013, von Figura et al., 2014). Interestingly, the same 

oncogenic mutations introduced in different lineages led to distinct lesions. The 

mechanisms guiding lesion formation as well as the nature of the resulting PDAC 

remain to be unravelled. 
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Table 4 - Mouse models of pancreatic cancer in the adult. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Target	cell Cre	line Trigger Lesions Reference

adult	exocrine

Ela1-tTA/TetO-Cre Kras+/LSL-G12Vgeo	+	Caerulein ADM,	PanIN Guerra	et	al.,	2007

Ela1-tTA/TetO-Cre Kras+/LSL-G12Vgeo	:	p53lox/lox	or	
Inj4A/Arf lox/lox	+	Caerulein

ADM,	PanIN Guerra	et	al.,	2007

Mist1-CreERT2 Kras+/LSL-G12D ADM,	PanIN Habbe	et	al.,	2008

Ela1-CreERT2 Kras+/LSL-G12D ADM,	PanIN Habbe	et	al.,	2008

CPA1-CreER Kras+/LSL-G12D	:	p53lox/lox		+	
Caerulein

ADM,	PanIN Friedlander	et	al.,	2009

Ptf1a-CreERT Kras+/LSL-G12D	:	Brg1lox/lox	 ADM,	PanIN Von	Figura	et	al.,	2015

Ela1-CreERT2 Kras+/LSL-G12D	:	Fbw7lox/lox		+	
Caerulein

ADM,	PanIN Ferreira	et	al.,	
manuscript	submitted

Hnf1b-CreERT2 Kras+/LSL-G12D	:	Brg1lox/lox	 IPMN Von	Figura	et	al.,	2015

Ck19-CreER Kras+/LSL-G12D	:	Fbw7lox/lox	 ITPN-like Ferreira	et	al.,	
manuscript	submitted

Ck19-CreER Kras+/LSL-G12D	:	p53lox/lox	 ITPN-like Ferreira	et	al.,	
manuscript	submitted

acinar	cell

duct	cell
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1.5 Aim of this Thesis 

Despite great scientific achievements that significantly improved our understanding 

of pancreas pathophysiology, pancreatic disease remains a major health problem, 

as reflected in the medical complications and compromised living standard of 

diabetes patients and the extremely low survival of pancreatic ductal 

adenocarcinoma (PDAC) patients (Weir et al., 2011, Calafiore et al., 2014, Siegel 

et al., 2016). Life sciences have a longstanding interest in the regenerative and 

tumourigenic capacity of pancreatic duct cells. On the one hand pancreatic ducts 

are discussed to contain an adult progenitor population with the plastic potential to 

give rise to β-cells (Bonner-Weir et al., 2010). On the other hand duct cells are an 

origin for PDAC (Bailey et al., 2015)(Ferreira et al., manuscript submitted). 

Pancreatic ducts build an intricate system ramifying through the whole of the 

pancreas. Despite scarce evidence for distinct morphological hallmarks and 

different functionalities locally confined to ductal segments, our knowledge of the 

function and role of different ducts is severely limited.   

In my studies presented here, I aimed to characterize the intact ductal system of 

the adult pancreas in its morphological properties and ability to maintain pancreatic 

acinar and β-cell lineages during organ homeostasis. Furthermore, I aimed to 

compare ductal segments in their mode of PDAC initiation and pre-neoplastic 

progression. 
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Chapter 2. Materials & Methods 

2.1 Materials 

2.1.1 Reagents and Consumables 

0.5 ml, 1.5 ml, 2 ml tubes     Eppendorf (Cambridge, UK) 

100bp DNA ladder      Life Technologies (NY, USA) 

1 kb DNA ladder      Life Technologies (NY, USA) 

1 ml, 5 ml, 50 ml syringes     BD Plastipak (Oxford, UK) 

5 ml, 10 ml, 25 ml serological pipettes   Corning (Corning, USA) 

15 ml, 50 ml tubes      Corning (Corning, USA) 

18G, 19G needles      BD Microlance (Oxford, UK) 

96-well plate (flat bottom)     BD Falcon (Oxford, UK) 

96-well plate (non-sterile)    Nunc (Rochester, USA) 

Acrylamide 40%      Bio-Rad (Hertfordshire, UK) 

Agarose       Bioline (London, UK) 

Alcian Blue       Sigma-Aldrich (Poole, UK) 

Amersham Hybond-XL (30cm x 3m)  GE Healthcare (Little Chalfont, 

UK) 

Amersham Megaprime DNA labeling system GE Healthcare (Little Chalfont, 

UK) 

Ammonium chloride      LRI/CR-UK (London, UK) 

Ammonium persulfate     Sigma-Aldrich (Poole, UK) 

Ampicillin       Sigma-Aldrich (Poole, UK) 

Amylase Assay Kit (Colorimetric)   Abcam (Cambridge, UK) 

Benzene      Sigma-Aldrich (Poole, UK) 

Bis-Acrylamide 2%     Bio-Rad (Hertfordshire, UK) 

Bovine serum albumin     Sigma-Aldrich (Poole, UK) 

Boric Acid       Sigma-Aldrich (Poole, UK) 

Bromophenol blue      Sigma-Aldrich (Poole, UK) 

Caerulein       Sigma-Aldrich (Poole, UK) 

Calcium Chloride      Sigma-Aldrich (Poole, UK) 

Cell strainer (45 µm Nylon)     BD Falcon (Oxford, UK) 
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Cell strainer (70 µm Nylon)     BD Falcon (Oxford, UK) 

Coverslips       Menzel-Glaeser (Braunschweig, 

Germany) 

DAB solution       BioGenex (Burlingame, UK) 

DAPI        Sigma-Aldrich (Poole, UK) 

Dolichos biflours agglutinin-FITC (DBA)  Vector Laboratories Ltd 

(Peterborough, UK) 

Dolichos biflours agglutinin-rhodamine (DBA) Vector Laboratories Ltd 

(Peterborough, UK) 

ddH2O       LRI/CR-UK (London, UK) 

Disodium tetraborate     AppliChem (Darmstadt, 

Germany) 

DMBA       Sigma-Aldrich (Poole, UK) 

DMEM       Life Technologies (NY, USA) 

DMSO        Sigma-Aldrich (Poole, UK) 

Draq5       Biostatus (Leicestershire, UK) 

DyeEx® 2.0 Spin Kit      QIAGEN (Crawley, UK) 

EDTA        Sigma-Aldrich (Poole, UK) 

Embedding cassetes     Tissue Tek (Basingstoke, UK) 

Eosin Y       Sigma-Aldrich (Poole, UK) 

Ethanol       Fisher Scientific (Loughborough, 

UK) 

Ethidium Bromide      Sigma-Aldrich (Poole, UK) 

Fluorescein isothiocyanate-dextran   Sigma-Aldrich (Poole, UK) 

Fluorescent Mounting Medium    DAKO (Ely, UK) 

FocusClear      TebuBio (Peterborough, UK) 

Foetal calf serum (FCS)     PAA (Yeovil, UK) 

GeneRuler 1kb Plus     Fisher Scientific (Loughborough, 

UK)  

GoTaq PCR DNA Polymerase    Promega (Southampton, UK) 

Glycerol       Sigma-Aldrich (Poole, UK) 

Glycine       Sigma-Aldrich (Poole, UK) 

Goat serum       Sigma-Aldrich (Poole, UK) 

Harris Hematoxylin (Shandon)    Fisher Scientific (Loughborough, 



Chapter 2 Materials and Methods 

 

70 

 

UK) 

Histo-Clear       Fisher Scientific (Loughborough, 

UK) 

Hydrochloric acid      Fisher Scientific (Loughborough, 

UK) 

Hydrogen peroxide      Sigma-Aldrich (Poole, UK) 

Hydrophobic pen     Vector Laboratories Ltd 

(Peterborough, UK) 

Illustra™ GFX DNA Purification Kit    GE Healthcare (Little Chalfont, 

UK) 

Industrial methylated spirit (IMS)    LRI/CR-UK (London, UK) 

Isopropanol       Fisher Scientific (Loughborough, 

UK) 

Mayer`s hematoxylin     LRI/CR-UK (London, UK) 

Magnesium Chloride     LRI/CR-UK (London, UK) 

Methanol       Sigma-Aldrich (Poole, UK) 

Methyl Salicylate      Sigma-Aldrich (Poole, UK) 

Neutral buffered formalin (NBF)    LRI/CR-UK (London, UK) 

N,N,N’,N’‐tetrakis(2‐hydroxypropyl) ethylenediamine  Sigma-Aldrich (Poole, UK) 

NP40       Sigma-Aldrich (Poole, UK) 

O.C.T. embedding medium    Tissue Tek (Basingstoke, UK) 

Paraffin wax       Tissue Tek (Basingstoke, UK) 

Paraformaldehyde      Sigma-Aldrich (Poole, UK) 

PBS        Life Technologies (NY, USA) 

Peanut agglutinin-FITC (PEA)   Vector Laboratories Ltd 

(Peterborough, UK) 

Peanut oil       Sigma-Aldrich (Poole, UK)9 

Penicillin/Streptomycin     Life Technologies (NY, USA) 

PerfectHyb      Sigma-Aldrich (Poole, UK) 

Periodic Acid-Schiff      Sigma-Aldrich (Poole, UK) 

PfuUltra II Fusion HotStart DNA Polymerase  Agilent (Cheshire, UK) 

Phenol Chloroform Isoamyl Alcohol 24:24:1  Sigma-Aldrich (Poole, UK) 

Propidium iodide     Sigma-Aldrich (Poole, UK) 

Proteinase K       Melford Laboratories (Ipswich, 
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UK) 

Rainbow markers      GE Healthcare (Little Chalfont, 

UK) 

Ribonuclease      Sigma-Aldrich (Poole, UK) 

Sodium Acetate      Sigma-Aldrich (Poole, UK) 

Sodium Azide       Sigma-Aldrich (Poole, UK) 

Sodium Chloride      LRI/CR-UK (London, UK) 

Sodium Deoxycholate    Sigma-Aldrich (Poole, UK) 

Sodium Dodecyl Sulfate    Sigma-Aldrich (Poole, UK) 

Sodium Hydroxide     Sigma-Aldrich (Poole, UK) 

Sodium Fluoride      Sigma-Aldrich (Poole, UK) 

Soybean trypsin inhibitor     Sigma-Aldrich (Poole, UK) 

Sucrose      Sigma-Aldrich (Poole, UK) 

Sudan Black      Sigma-Aldrich (Poole, UK) 

Superfrost Ultra Plus charged slides   Menzel-Glaeser (Braunschweig, 

Germany) 

Superscript III cDNA synthesis kit    Life Technologies (NY, USA) 

SSC       LRI/CR-UK (London, UK) 

SYBR Green       Life Technologies (NY, USA) 

TAE       LRI/CR-UK (London, UK) 

Taq PCR Core Kit      Qiagen (Crawley, UK) 

Tamoxifen       Sigma-Aldrich (Poole, UK) 

Triethanolamine     Sigma-Aldrich (Poole, UK) 

Tris        Sigma-Aldrich (Poole, UK) 

Trisodium Citrate      Sigma-Aldrich (Poole, UK) 

Trypan Blue       Sigma-Aldrich (Poole, UK) 

Tween 20      Sigma-Aldrich (Poole, UK) 

Urea       Sigma-Aldrich (Poole, UK) 

VA-044      Wako (Tokyo, Japan) 

Whatman Paper     Sigma-Aldrich (Poole, UK) 

Xylene       LRI/CR-UK (London, UK) 
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2.1.2 Media and Buffers     

3D-IHC AR Buffer     final concentration: 

Boric acid      200 mM 

SDS       4% 

ddH2O      up to 1 l 

pH=7 

 

Blocking Buffer (IF/IHC on sections)   final concentration: 

Bovine serum albumin     1% 

Goat/Donkey Serum      10% 

Triton X-100       0.4% 

PBS        89.6% 

 

Blocking Buffer (3D-IHC)    final concentration: 

Bovine serum albumin     1% 

DMSO       5% 

FCS        10% 

NaAzide      0.02% 

Triton X-100       0.2% 

PBS        84.8% 

 

Citrate Buffer 

Sodium citrate      2.94 g 

HCl (0.2 M)       18 ml 

ddH2O       up to 1 l 

 

CUBIC1 Reagent 

Urea       125 g 

N,N,N’,N’‐tetrakis(2‐hydroxypropyl) ethylenediamine 125 g 

Triton X-100      75 g 

ddH2O      to 500 g 
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CUBIC2 Reagent 

Urea       125 g 

Sucrose      250 g 

Triethanolamine     50 g 

Triton X-100      0.1% v/v 

ddH2O      to 500 g 

 

DMEM (complete Media) 

DMEM       445 ml 

(+ 4.5 g/l glucose, + l-glutamine, + pyruvate) 

FCS        50 ml 

1% (v/v) Penicillin/Streptomycin (10000 U/ml)  5 ml 

 

Harri’s hematoxylin 

Hematoxylin       2.5 g 

Absolute alcohol      25 mL 

Potassium alum      50 g 

ddH20       500 mL 

Sodium iodate      0.5g 

Glacial acetic acid      20 mL 

 

iDisco Buffer     final concentration: 

Sodium deoxycholate    0.1% 

NP40       0.1% 

DMSO       20% 

Tween 20      0.1% 

TritonX-100      0.1% 

PBS       79.6% 

 

Phosphate buffered saline (PBS)   final concentration: 

KCl        3 mM 

NaCl        136 mM 

Na2HPO4 • 2 H2O      8 mM 

KH2PO4       15 mM 
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Phosphate buffered saline with triton (PBT)  final concentration: 

KCl        3 mM 

NaCl        136 mM 

Na2HPO4 • 2 H2O      8 mM 

KH2PO4       15 mM 

Triton X-100       0.2% 

 

 

Tris-EDTA buffer (10mM Tris Base, 1mMEDTA, 0.05% Tween, pH9.0) 

Tri base       1.21g 

EDTA        0.37g 

ddH2O       1000mL 
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2.1.3 Antibodies 

 

Table 5 - Primary antibodies 

 

 

 

 

 

 

 

 

 

Primary	Antibody	
(reactivity) Species

Application,	
Dilution

Supplier,	Cat	
Number

Actin,	α-Smooth	
Muscle	(mouse)

Mouse	monoclonal	
(IgG2a)

IHC-IF	(1:100)	3D-
IHC	(1:100)

Sigma-Aldrich	
(Poole,	UK),	A5228

Amylase		(mouse) Goat	IgG IHC-IF	(1:100)	3D-
IHC	(1:100)

Santa	Cruz	(CA,	
USA),		sc-1084

C-Peptide	(mouse) Rabbit	(IgG) IHC-IF	(1:100)	3D-
IHC	(1:100)

Cell	Signalling,	
(Hitchin,	UK),	4593

CC10	(mouse) Goat	IgG IHC-IF	(1:100)	3D-
IHC	(1:100)

Santa	Cruz	(CA,	
USA),		sc-9772

cleaved	Caspase	3 Rabbit	(IgG) IHC-IF	(1:100)	 Abcam	(Cambridge,	
UK),	ab2302

CPA1	(mouse) Goat	IgG IHC-IF	(1:100)	
Bio-Techne	Ltd	
(Abingdon,	UK),	

AF2765

GFP Goat	polyclonal	
(IgG)

IHC-IF	(1:100)	3D-
IHC	(1:100)

Abcam	(Cambridge,	
UK),	ab6673

Glucagon	(mouse) MSE	IgG1 IHC-IF	(1:100)	 Sigma-Aldrich	
(Poole,	UK),	G2654

HNF1beta	(mouse) Rabbit	polyclonal IHC-IF	(1:100)	
Sigma-Aldrich	
(Poole,	UK),	
HPA002083

Insulin	(mouse) Mouse	Ascites IHC-IF	(1:100)	3D-
IHC	(1:100)

Sigma-Aldrich	
(Poole,	UK),	I2018

Isl1	(mouse) Mouse	monoclonal	
(IgG1)

IHC-IF	(1:100)	 DSHB	(Iowa,	USA),	
40.2D6-c

Krt19	(mouse) Rat	monoclonal	
(IgG2a,	κ)

IHC-IF	(1:100)	3D-
IHC	(1:100)

DSHB	(Iowa,	USA),	
Troma-III
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Continued

Krt19	(mouse) Rat	monoclonal	
(IgG2a,	κ)

IHC-IF	(1:100)	3D-
IHC	(1:100)

DSHB	(Iowa,	USA),	
Troma-III

Krt8	(mouse) Mouse	monoclonal	
(IgG2a)

IHC-IF	(1:100)	3D-
IHC	(1:100)

DSHB	(Iowa,	USA),	
Troma-1

Mist1	(mouse) Mouse	IgG1 IHC-IF	(1:100)	 Santa	Cruz	(CA,	
USA),		sc-80984

Mnk1	(mouse) Rabbit	(IgG) IHC-IF	(1:100)	 Cell	Signalling,	
(Hitchin,	UK),	2195

Nkx6.1	(mouse) Mouse	monoclonal	
(MIgG1)

IHC-IF	(1:100)	 DSHB	(Iowa,	USA),	
F55A10

Pax6	(mouse) Mouse	IgG1 IHC-IF	(1:100)	
Chemicon/Millipore	

(Watford,	UK),	
MAB5552

Pdx1	(mouse)
Mouse	monoclonal	

(IgG2b) IHC-IF	(1:100)	
Bio-Techne	Ltd	
(Abingdon,	UK),	

MAB2419
Phosphorylated	

histone	H3	(mouse)
Rabbit	polyclonal	

IgG
IHC-IF	(1:100)	 Santa	Cruz	(CA,	

USA),	sc-8656-R
Prohormone	
Convertase	

PC1/PC3	(mouse)
Rabbit	(IgG)

IHC-IF	(1:100)	3D-
IHC	(1:100)

Chemicon/Millipore	
(Watford,	UK),	

AB10553	

RFP Rabbit	(IgG)
IHC-IF	(1:100)	3D-

IHC	(1:100)

TebuBio	
(Peterborough,	UK),	

600-401-379
Somatostatin	
(mouse)

Rat,	monoclonal	
(IgG2b)

IHC-IF	(1:100)	 Abcam	(Cambridge,	
UK),	ab30788

Sox9	(mouse) Rabbit	(IgG) IHC-IF	(1:100)	
Chemicon/Millipore	

(Watford,	UK),	
AB5535
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2.1.3.1 Secondary antibodies 

Table 6 - Secondary antibodies 

 

 

 

 

 

 

 

Secondary	
Antibody

Species Application,	
Dilution

Supplier,	Cat	
Number

Alexa	Fluoro	488,	
anti	Mouse

Donkey	anti-Mouse	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A21245

Alexa	Fluoro	488,	
anti	Rabbit

Donkey	anti-Rabbit	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A21206

Alexa	Fluoro	488,	
anti	Rat

Donkey	anti-Rat	IgG IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A21208

Alexa	Fluoro	546,	
anti	Goat

Donkey	anti-Goat	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A11056

Alexa	Fluoro	546,	
anti	Rabbit

Donkey	anti-Rabbit	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A10040

Alexa	Fluoro	568,	
anti	Mouse

Donkey	anti-Mouse	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A10037

Alexa	Fluoro	568,	
anti	Rabbit

Donkey	anti-Rabbit	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A11011

Alexa	Fluoro	594	
anti	Mouse

Donkey	anti-Mouse	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A21203

Alexa	Fluoro	594,	
anti	Rabbit

Donkey	anti-Rabbit	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A21207

Alexa	Fluoro	647,	
anti	Goat

Donkey	anti-Goat	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A21447

Alexa	Fluoro	647,	
anti	Mouse

Donkey	anti-Mouse	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A31571

Alexa	Fluoro	647,	
anti	Mouse

Donkey	anti-Mouse	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A31571

Alexa	Fluoro	647,	
anti	Rabbit

Donkey	anti-Rabbit	
IgG

IHC-IF	(1:200)	3D-
IHC	(1:100)

Life	Technologies	
(NY,	USA)	A31573
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2.2 Methods 

2.2.1 Animal work 

2.2.1.1 Animal care and housing  

All mice used during the course of this study were housed in the Biological 

Resource Unit, at either Lincoln’s Inn Fields or Clare Hall sites, of the London 

Research Institute. Mice were kept and procedures performed under projects PPL 

80/2455 (Axel Behrens) and PPL 70/8931 (Axel Behrens). Procedures and culling 

(by Schedule 1 (cervical dislocation followed by exsanguination through the 

severing of a major blood vessel)) were performed in accordance with the Animal 

Scientific  Procedures Act 1986 (revised in 1997). All scientific procedures 

performed during the course of this study were approved by the London Research 

Institute and Crick Institute Animal Ethics, following UK home Office guidelines. 

 

2.2.1.2 Induction of acute pancreatitis 

To induce acute pancreatitis, mice were subjected to a short caerulein treatment. A 

stock solution of caerulein was prepared to a final concentration of 100 µg/ml (1 mg 

caerulein in 10 ml PBS). Working solutions were obtained by dilution to a 

concentration of 10 µg/mL in PBS and sterile filtration. Mice were injected 5 µl per 

gram of body weight (50 µg caerulein per kg of body weight) intraperitoneally 7 

times a day, at hourly intervals, for 2 days. Mice were kept under close observation. 
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2.2.1.3 Mouse lines 

All mice were genotyped using Transnetyx Inc. (Cordova, USA) 

 

 

 

 

 

 

 

 

 

 

2.2.1.4 Surgery – Intrapancreatic DMBA Implant 

One hour before surgery, rimadyl (carprofen-based analgesia) was added to the 

water (2 ml of 50 mg/ml rimadyl solution to 1 l water) and mice were 

subcutaneously injected with rimadyl 1 µl per gram body weight (1:10 dilution of a 

50 mg/ml stock). anaesthesia was induced by isoflurane inhalation, eyes were 

protected with Lacri-lube, the abdominal and splenic areas were shaved and 

thoroughly cleaned with Medihex-4 (surgical scrub) and a sterile incise drape was 

placed over the non-shaved parts. With sterile surgical scissors, a small incision 

was performed in the skin and the peritoneal wall exposed. The peritoneum was 

opened and the pancreas located. A purse-ring suture was placed in the pancreatic 

tail (next to the spleen) and a small cotton bud, soaked with 10 µl of 100 mg/ml 

DMBA in benzene, was placed inside the ring. The suture was closed and the inner 

abdomen washed with 5 ml pre-warmed PBS to clean any leaked DMBA. The 

peritoneum was sutured with absorbable suture and the skin closed with clips. A 

dose of 0.05 mg/Kg of vetergesic was injected subcuteneosly immediately after 

surgery and the mice placed in a clean cage on a heating pad to recover. For the 

next three days, drinking water was supplemented with rimadyl and the mice were 

kept under close observation.  

 

Mouse	Line Reference
Krt19-CreERT (Means	et	al.,	2008)
Ela1-CreERT2 (Desai	et	al.,	2007)
Ela1-mTq unpublished
Fbw7	F/F (Hoeck	et	al.,	2010)

Hnf1β-CreERT2 (Solar	et	al.,	2009)
LSL-Kras	G12D/wt (Jackson,	2001)

p53	F/F (Marino	et	al.,	2000)
Pdx1-Cre (Hingorani	et	al.,	2003)

Rosa26-LSL-YFP (Srinivas	et	al.,	2001)
Rosa26-CAG-tdTomato (Madisen	et	al,.	2010)
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2.2.1.5 Tamoxifen preparation and injections 

CreER mouse models initiate recombination in presence of hydroxytamoxifen 

(metabolic product of tamoxifen). In CreER models, Cre recombinase is fused to a 

mutated ligand-binding domain of the human estrogen receptor. Thus, the ability of 

CreER to translocate to the nucleus depends on hydroxytamoxifen. Tamoxifen was 

prepared at 20 mg/ml in peanut oil. To promote dissolution, the mixture was 

subjected to 3 cycles of 15-minute incubations at 50C°C followed by 15 minutes on 

a rotating wheel. To induce Cre-mediated recombination, mice were 

intraperitoneally injected once a day with 5 µL tamoxifen per gram bodyweight. 

 

2.2.2 Cellular and molecular biology 

2.2.2.1 3D-IHC 

Mice were culled by cervical dislocation. Cardiac perfusion was carried out with 20 

ml PBS. Pancreata were removed attached to spleen and duodenum as follows. 

Large intestine were cut and pulled out, thereby detaching the small intestine from 

the mesentery. Small intestine were cut below the attached pancreatic head. 

Spleen was pulled out together with the attached pancreas, whilst cutting any 

vessels/connective tissue that anchored spleen and pancreas in the abdominal 

cavity. Omentum was cut to detach pancreas from the stomach and stomach was 

cut through the pylorus. Extra hepatic common bile duct was cut at its first 

bifurcation. This freed the intact pancreas, attached to duodenum, spleen and 

mesentery without any damage to the gland. Samples were fixed in 4% PFA over 

night at 4°C. Specimens were washed in PBT twice for one hour and incubated in 

3D-IHC buffer over night at 54°C. Samples were washed in PBT for three hours 

with three volume exchanges. For immunolabelling, samples were incubated in 3D-

IHC blocking buffer for one hour and incubated with antisera (all 1:100) for at least 

16 hours at room temperature on a nutator. Samples were washed by three volume 

exchanges PBT and incubated with secondary antibodies (all 1:100) including 

1:100 Draq5 for at least two days at room temperature. Samples were washed by 

three volume exchanges with PBS and gradually dehydrated in 30%, 50%, 75%, 2x 

100% MetOH, 1hr each and, in a glass dish, immersed in methyl salicylate diluted 
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in MetOH: 25%, 50%, 75%, 2x 100% methyl salicylate, 30 min each, protected 

from light. 

 

2.2.2.2 Alcian Blue and Periodic acid-Schiff (AB/PAS) stain 

AB/PAS staining was performed to characterize the mucinous nature of PDAC pre-

neoplastic lesions as it has been extensively used in the field to detect mucinous 

PanIN lesions and mucinous tubular complexes. Alcian blue (AB) (a polyvalent 

basic dye) stains acidic polysaccharides and mucopolysaccharides. Positively 

stained, alcianophilic tissues are recognized by a dark blue colour. Periodic acid-

Schiff (PAS) stains polysaccharides and mucosubstances. Tissues that stain 

positive for this method acquire a purple/magenta colour. 4 µm paraffin-embedded 

tissue sections were deparaffinized by xylene treatment twice for 5 minutes. Slides 

were washed in 100% IMS for 3 minutes twice and once in 70% IMS for 3 minutes. 

Sections were rehydrated in ddH2O and incubated for 5 minutes in alcian blue 

solution (1% (w/v) Alcian blue – 1 g in 100 ml of 3%(v/v) acetic acid). Slides were 

then washed intensively in tap water and then distilled water before PAS stain. 

Following washes, slides were incubated in 1% (w/v) periodic acid in distilled water 

for 5 minutes and washed again in distilled water. Eventually sections were 

incubated in the Schiff reagents (Fisher Scientific) for 15 minutes and washed for 

10 minutes in running tap water. The nuclei were counterstained with Mayers 

hematoxylin for 1 minute. The stain was differentiated in 1% acid alcohol (arbitrary 

time, dependent on monitoring) and washed in tap water for 5 minutes. For 

mounting, the sections were dehydrated in ethanol and cleared in xylene and slides 

were mounted with coverslips using DPX mounting medium. 

 

2.2.2.3 Amylase Assay (colorimetric) 

The amylase assay was performed according to manufacturers instructions 

(ab102523, Abcam (Cambridge, UK)). Supernatants of tissue samples were 

centrifuged for 5 minutes at 300 g to deplete of cells. The cleared supernatants 

were subjected to the assay in triplicates in parallel with a standard of amylase 

(supplied with kit) diluted from 20 nmol/well to 0 nmol/well in six increments.  
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2.2.2.4 CLARITY 

Mice were culled by cervical dislocation. Cardiac perfusion was carried out with 20 

ml PBS. Pancreata were collected and fixed for three days at 4°C in 4% PFA, 4% 

acrylamide, 0.05% bisacrylamide, 0.25% wt/vol VA-044 in PBS. Temperature was 

increased to 37°C for 5h to polymerize the hydrogel. Polymerized hydrogel was 

cleaned from the sample surface and specimens incubated in 200 mM borate with 

4% SDS (pH=8.5) for at least seven days. Samples were washed in five volume 

exchanges of PBT, each one hour. For immunolabelling, samples were incubated 

in 3D-IHC blocking buffer for one hour and incubated with antisera (all 1:100) for 

three days at room temperature on a nutator. Samples were washed by three 

volume exchanges PBT and incubated with secondary antibodies (all 1:100) 

including 1:100 Draq5 for three days at room temperature. Samples were washed 

by three volume exchanges PBT and incubated in FocusClear prior to imaging. 

 

2.2.2.5 CUBIC 

Mice were culled by cervical dislocation. Cardiac perfusion was carried out with 20 

ml PBS. Pancreata were collected and fixed in 4% PFA over night at 4°C. 

Specimens were incubated in CUBIC1 reagent at 37°C for at least seven days, 

thereby replacing CUBIC1 reagent after three days and at signs of discoloration. 

Samples were immersed in 20% sucrose/PBS overnight and the next day frozen in 

O.C.T. compound at –80 overnight. Samples were thawed and washed with PBS. 

For immunolabelling, samples were incubated in 3D-IHC blocking buffer for one 

hour and incubated with antisera (all 1:100) for three days at room temperature on 

a nutator. Samples were washed by three volume exchanges PBT and incubated 

with secondary antibodies (all 1:100) including 1:100 Draq5 for three days at room 

temperature. Samples were washed by three volume exchanges PBT and 

incubated in CUBIC1 reagent or CUBIC2 reagent prior to imaging. 
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2.2.2.6 Hematoxylin and eosin (HE) stain 

For HE staining, 3 µm paraffin-embedded tissue sections were deparaffinized by 

incubation in xylene twice for 5 minutes, washing in 100% IMS twice for 5 minutes 

and stepwise rehydration through a series of 95%, 90%, 80%, 50% IMS in ddH2O 

and twice ddH10 for minutes each step. Nuclear staining was performed by 

incubating the hydrated sections in Harri’s hematoxylin solution for 5 minutes. 

Hematoxylin is a dark blue basic compound that binds acidic or basophilic 

structures, thereby exerting a strong affinity for nucleic acids resulting in a blue 

colour of the nucleus.  Slides were washed in running tap water for 5 minutes and 

differentiation was performed for 5 seconds in 1% (v/v) acid alcohol (1% HCL in 

70% alcohol). Sections were washed again in running tap water for 5 minutes. 

Cytoplasm staining was accomplished by incubation of the section in 1% (w/v) 

eosin Y and washing in running tap water for 5 minutes. Eosin is a pink compound 

that binds basic or eosinophilic structures, particularly proteins, staining the 

cytoplasm and membranes pink. Eventually, slides were dehydrated through 

graded alcohols: 2x in 70% (v/v) ethanol for 3 minutes, and 2x in 100% ethanol for 

another 3 minutes. At the final step sections were cleared twice in xylene for 3 

minutes and mounted with DPX mounting medium (Raymond A.Lamb). All HE 

stains were performed by the experimental histopathology facility. 

 

2.2.2.7 Histology - Tissue processing 

For histological studies, tissues were collected from recently sacrificed mice and 

placed in 10% neutral buffered formalin (NBF) solution overnight (approximately 

16h) at 4 °C for cross-linking of biomatter and consequent tissue fixation. The next 

day, the NBF solution was replaced with 70% ethanol. Samples were kept at 4°C 

until further processing. Tissues were dehydrated and embedded in paraffin and 

sectioned of 3 or 4 µm were cut on a manual microtome (RM2235 Leica). Sections 

were placed in a 37°C water bath and mounted on Superfrost Ultra Plus charged 

slides (Menzel-Glaeser) and air-dried or briefly baked in the oven for 15 minutes to 

increase adherence. 
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2.2.2.8 iDISCO 

Mice were culled by cervical dislocation. Cardiac perfusion was carried out with 20 

ml PBS. Pancreata were collected and fixed in 4% PFA over night at 4°C. 

Specimens were washed in PBT twice for one hour and incubated in 20% DMSO in 

0.2% PBT over night at 37°C. Samples were then incubated in iDisco buffer over 

night at 37°C. Samples were washed in PBT for three hours with three volume 

exchanges. Specimens were then incubated in 0.3 M glycine in 20% DMSO in PBT 

over night at 37°C. For immunolabelling, samples were incubated in 3D-IHC 

blocking buffer for one hour and incubated with antisera (all 1:100) for three days at 

room temperature on a nutator. Samples were washed by three volume exchanges 

with PBT and incubated with secondary antibodies (all 1:100) including 1:100 

Draq5 for three days at room temperature. Samples were washed by three volume 

exchanges PBS and gradually dehydrated in 30%, 50%, 75%, 2x 100% MetOH, 

1hr each and, in a glass dish, immersed in methyl salicylate diluted in MetOH: 25%, 

50%, 75%, 2x 100% methyl salicylate, 30 min each, protected from light. 

 

2.2.2.9 Immunofluorescence 

For immunofluorescence stainings on 4 µm tissue sections, slides were dewaxed 

and re-hydrated as for HE stains. A heat mediated antigen retrieval was performed 

by treatment with 10 mM Sodium citrate buffer pH 6.2. Sections were submerged in 

this pre-heated solution and microwaved for 10 minutes at full power. Following the 

heat treatment, section were placed in a sink, under a barely running tap for 5 

minutes to both cool and dilute the buffer solution to prevent salt crystallisation. The 

sections were washed with PBS a barrier was drawn around the tissue section 

using a hydrophobic pen. Section were first blocked for 45 minutes with blocking 

buffermthen incubated overnight at 4°C with the primary antibody diluted in the 

blocking solution. Slides were kept in a humid chamber until the end of the 

incubation. Next day, slides were washed three times 5 minutes in PBS and 

incubated in fluorophore-conjugated secondary antibody together with DAPI (0.003 

mM) for DNA stain at room temperature for 1.5 hours. Slides were washed 3 times 

for 5 minutes in PBS and incubated in 0.1 % (w/v) Sudan Black B in 70% (v/v) 

ethanol (filtered) to reduce autofluorescence. Slides were washed 3 times in PBS 
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for 5 minutes, mounted with DAKO mounting media and kept in the dark until 

imaging. 

 

2.2.2.10 In-situ retrograde pancreas ductal perfusion 

Mice were euthanized by cervical dislocation and under a stereo lupe, the 

abdominal wall and peritoneum were opened and the pancreatic head located. A 

suture was placed around the first bifurcation of the extrahepatic biliary tree. With 

an insulin gauge, 50 µl of 12 mg/ml FITC-conjugated dextran (average mol wt 

2,000,000) were injected into the hepato-pancreatic duct by cannulation of the duct 

through the duodenal papilla. Pancreata were recovered as described under ‘3D-

IHC’. 

 

2.2.2.11 Polymerase Chain Reaction (PCR) 

PCR for Southern probe generation was performed using approximately 50 ng 

DNA (BAC RP24N24 BacPac Resources Center) 

 

A mixture of 50 µL of final volume was prepared containing the following 

components: 

1x PCR Buffer    5 µL (10X stock) 

dNTPs (0.25 mM)    0.5 µL (25mM stock) 

Forward primer (10 µM)   1 µL (100 µM stock) 

Reverse primer (10 µM)   1 µL (100 µM stock) 

Pfu Ultra-polymerase (0.5 U)  0.5 µL (5 U/µL stock) 

ddH2O     42 µL 

DNA      1 µL 

 

Table 7 - Primers for Ela1-3SP3-probe 
 
 
 
 
 
 

Name Sequence probe	length	[nt]

Ela1-3SP3-F cggatggctacaatgcctct
Ela1-3SP3-R ggtgaggaacagacagagtgtaa

501
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PCR program: 

(1) Initial denaturation:   95 °C for 2 minutes 

(2) Denaturation within cycle:  95 °C for 30 seconds 

(3) Annealing:    57 °C for 30 seconds 

(4) Extension within cycle:   72 °C for 30 seconds 

(5) Repeat 2, 3 and 4 29 times (30 cycles total) 

(6) Final extension:    72 °C for 3 minutes 

 

2.2.2.12 Quantitative Real-Time PCR 

For quantitative real-time (Q-PCR) analysis of ES-cell DNA for estimation of copy 

number integration, DNA was diluted 1:10 in ddH2O. 4 µL of diluted DNA were 

used per Q-PCR reaction, which was conducted in triplicates. Q-PCR was 

performed measuring Express SYBR®GreenER on an ABI7500 (Applied 

Biosystems). Data were analysed in Excel (Microsoft). Normalization was 

performed against values of JunD.  

 

Components of each reaction: 

Express SYBR®GreenER     10 µL 

Primer mix (Forward and reverse 5 µM each)  2 µL 

DNA        4 µL 

ddH2O       5 µL 

 

 
Table 8 - Primers for copy number integration analysis 

 
 
 

Name Target Sequence
Neo	Qr	F1 Neo	casette GCCTGCTTGCCGAATATC
Neo	Qr	R1 Neo	casette GCCAAGCTCTTCAGCAATATC

mJunD	-7764	ch	F4 mouse	JunD CGGGATCTCACCACTGCTAT
mJunD	-7684	ch	R4 mouse	JunD AGCACCCTAACCCAGGTTCT
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2.2.2.13  Southern Screening 

ES-cell DNA was digested in a 96-well plate as follows. DNA was precipitated with 

50 µl isopropanol per well for 30 minutes room temperature. Plates were 

centrifuged at 2400 rpm for 5 minutes. Wells were emptied by careful inversion and 

DNA washed three times with 200 µl 70% EtOH. Well were dried for 20 minutes at 

room temperature. DNA was digested by adding 30 µl of 10 units of restriction 

enzyme (BspH1) in CutSmart buffer (NEB) and incubation at 37°C over night. Next 

day, a further 10 units enzyme were added for an additional incubation for 5 hours. 

4 µl of 10x DNA loading buffer was added and the sample loaded on a 0.8 % 

agarose gel (in TAE; with 2.5 µl ethidium bromide per 100 ml). After electrophoresis, 

DNA gel was washed 10 minutes in 0.25 M HCl, rinsed in ddH2O, denatured 2x10 

minutes in 0.5 M NaOH with 1.5M NaCl, rinsed in ddH2O, neutralised for 20 

minutes in 1M Tris-HCl pH7.4 including 1.5M NaCl and washed 10 minutes in 10x 

SSC. Transfer was done over night as a sandwich of 2 10xSSC-soaked Whatman 

papers, gel, Hybond-N+ membrane, 3 10xSSC-soaked Whatman papers and a 

stack of paper towels. Next day, membrane was cross-linked by UV irradiation 

(Stratalinker), washed in ddH2O for 5 minutes, then 2x SSC for 5 minutes and 

incubated in 20 ml prehybridization buffer (PerfectHyb) for 1 hour at 65°C. In 

parallel the radioactive probe was prepared with the reagents from the Amersham 

Megaprime DNA Labelling Kit (RPN1607) as follows. Template DNA was diluted in 

TE buffer to a concentration of 5 ng/µl. 5 µl template were mixed with 5 µl primer 

and denatured at 98°C for 5 minutes. 10 µl labelling buffer, 12 µl ddH2O, 2 µl 

Klenow enzyme and 5 µl 32-P-dCTP were added and the mix incubated at 37°C for 

10 minutes. The reaction was stopped by adding 5 µl of 0.2M EDTA. The probe 

was purified on a column (ProbeQuant), denatured at 98°C for 5 minutes, snap 

cooled on ice and added to the membrane in 15 ml hybridization buffer. 

Hybridization was carried out at 65°C over night. Next day, membranes were 

washed in 500 ml 0.5xSSC incl. 1% SDS three times at 65°C. Membranes were 

dried and wrapped in saran film and placed in a cassette with the screen. Images 

were taken with a Typhoon FLA 9400 (GE Healthcare). 
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2.2.3 Statistical analysis 

Statistical analysis depended on the experiment performed. Since, in most 

experiments, the number of biological and technical replicates did not exceed 20, 

the Student’s t-test (which assumes normal distribution of samples) could not be 

used. Thus, the Mann Whitney U-test for unpaired samples (does not assume 

normal distribution, distribution is unknown) was used. Data was presented as 

mean +/- standard deviation (S.D.). P < 0.05 was considered statistically significant. 

The exact values of significance are indicated with the results for each experiment. 
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Chapter 3. Results 1 

3.1 Three-dimensional molecular interrogation of the intact 
pancreas. 

3.1.1 Introduction 

Research of pancreatic ductal, acinar and endocrine epithelia has drawn 

topographical and functional connections that play essential roles in tissue 

homeostasis and tumourigenesis. However, our understanding of these 

relationships remains incomplete due to the complex architecture of the pancreas. 

The integration of histological and morphological information at the single cell level 

into the anatomical context of the whole organ has been an insuperable technical 

hurdle. Despite the three-dimensional architecture of biological specimens, their 

histological analysis is commonly limited to sectioned tissue slices with a thickness 

of few micrometres. Those tissue sections have been essential for the development 

of histochemistry and molecular morphology techniques. Today, tissue sections 

constitute the standard platform for histological sample evaluation, but at the 

expense of three-dimensional information. This limitation has been addressed by 

consecutive processing and imaging of serial sections followed by in silico 

alignment and volumetric reconstruction. Whilst shown to be feasible, this 

cumbersome approach is restricted in its spatial resolution and is error prone due 

to deformations and artefacts in individual sections (Baetens et al., 1979, Ashizawa 

and Kinoshita, 2012, Richardson and Lichtman, 2015).  

As a less destructive alternative, histochemistry could be applied to an intact 

specimen for subsequent volumetric imaging. This option has become increasingly 

attractive with the invention of confocal and light-sheet microscopy. Belonging to 

the family of “optical sectioning” techniques, both eliminate the contaminating 

collection of light from above or below the focal plane (out-of-focus information) and 

yield high-resolution three-dimensional data sets (Richardson and Lichtman, 2015).  

However, whole organ imaging faces two major challenges. Firstly, histochemical 

staining techniques need to be adapted from sectioned tissue slices to the intact 

specimen. Secondly, to enable light microscopy imaging of deeper tissue layers, 

the tissue inherent light scatter, which causes tissue opaqueness, needs to be 
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diminished. Specimens need to be “cleared”, rendered optically transparent. For a 

long time, these limitations have restricted whole mount histology to small samples 

such as early gestation embryos. Recently, the field of three-dimensional tissue 

interrogation has gained new impetus with the publication of “CLARITY” (clear lipid-

exchanged acrylamide-hybridized rigid imaging/immunostaining/in-situ 

hybridization-compatible tissue-hydrogel), “CUBIC” (clear, unobstructed brain 

imaging cocktails) and “iDISCO” (immunolabeling-enabled three-dimensional 

imaging of solvent-cleared organs) techniques (Chung et al., 2013, Renier et al., 

2014, Susaki et al., 2014). These protocols enable labelling, clearing and 

volumetric imaging of the intact mouse brain and late gestation embryos aiming to 

contribute to the longstanding interest in the architecture of neuronal circuitry. 

Whilst their use in the brain has been demonstrated, the applicability of CLARITY, 

CUBIC and iDISCO to the pancreas has not been thoroughly assessed. Hence, I 

sought to devise a method for whole pancreas immunohistochemistry and three-

dimensional structural interrogation.   
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3.1.2 A technique for rapid interrogation of intact organs. 

CLARITY, CUBIC and iDISCO techniques have been developed for three-

dimensional histology and microscopy of intact mouse brain and it has been 

suggested that they may be adaptable to other organs (Renier et al., 2014, Tainaka 

et al., 2014, Tomer et al., 2014, Yang et al., 2014, Susaki et al., 2015). I compared 

the three respective protocols to identify the fastest treatment most applicable to 

the mouse pancreas. Specifically, I first evaluated the techniques in their efficiency 

to optically clarify the pancreas, as organ transparency is crucial for light 

microscopy imaging deep into the tissue. In a second assessment, I tested the 

quality of immunolabelling after pancreas processing with CLARITY, CUBIC or 

iDISCO. However, as detailed below, whilst all techniques improved pancreas 

transparency, I found none of the protocols to suffice for molecular interrogation. 

Thus, I developed a novel technique, termed 3D-IHC (three-dimensional 

immunohistochemistry), which is discussed and compared to iDISCO, CLARITY 

and CUBIC in this section.   

Tissue opaqueness is caused by the cellular constituents such as organelles, 

extracellular matrix, lipid droplets and membranes, which reflect photons and 

scatter light. Phospholipids are the main component in cellular membranes and 

their removal, for example by detergents, drastically reduces light scatter and 

renders tissue translucent (Richardson and Lichtman, 2015). Thus, techniques for 

three-dimensional whole-organ imaging commonly comprise steps for the 

solubilisation of cell membranes (Chung et al., 2013, Renier et al., 2014, Susaki et 

al., 2014). 

iDISCO was developed on mouse brain, kidneys and embryos (Renier et al., 2014). 

The protocol employs non-ionic detergents and methanol washes in three over 

night steps to remove lipids and to increase antibody permeability (Figure 13A) 

(Renier et al., 2014). To test iDISCO on mouse pancreas, I subjected four whole 

paraformaldehyde (PFA)-fixed pancreata to three over night incubations in 

detergent rich solutions at 37°C, thereby strictly following the published iDISCO 

protocol. The treatment had a noticeable effect on pancreas texture as it relaxed 

and flattened the samples. Furthermore, it mildly reduced tissue opaqueness 

suggesting improved light penetrance (Figure 13B). To address if iDISCO altered 

the light scattering properties of the pancreas, I mechanically homogenized four 
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half iDISCO pancreata and three half controls, which had been incubated in 

phosphate buffered saline (PBS), and measured the light transmittance per 

wavelength by spectrophotometry. iDISCO increased sample transparency in 

comparison with PBS incubated control pancreata (Figure 13C).  

To test if the enhanced optical transmittance after iDISCO treatment increased the 

imaging depth, I subjected four iDISCO treated pancreata and four control 

pancreata to nuclear staining and subsequent confocal microscopy. Cells are a 

complex spatial arrangement of molecules, which is the basis for cell 

compartmentalization and functionality. The heterogeneous distribution of 

molecules with different light scattering properties in a cell increases sample light 

scatter and causes destructive light interference. Thus, prior to light microscopic 

image acquisition, a sample needs to be equilibrated in its light scattering 

properties. Organic solvents, such as methyl salicylate (MS), are routinely used for 

sample equilibration. To this end, samples are dehydrated and the water molecules 

replaced with a medium (the organic solvent) of similar optical properties as the 

dehydrated sample biomatter. Consequently, the specimen is equilibrated in its 

light scattering properties and light passes through deep tissue layers with minimal 

deviations or loss of intensity. The immersion in organic solvents is rapid and 

needs only few hours in contrast to alternative aqueous mounting media, which in 

case of the brain require incubation times from several days to weeks, (Erturk et al., 

2012, Chung et al., 2013, Ke et al., 2013, Renier et al., 2014, Yang et al., 2014). 

Furthermore, whereas glycerol, a component in several aqueous mounting media, 

has been shown to cause anisometric tissue deformations, the careful immersion in 

organic solvents preserves organ architecture (Bucher et al., 2000, Hama et al., 

2011, Renier et al., 2014). I immersed iDISCO and control PBS pancreata in MS 

and imaged samples with 25 fold magnification (Plan Apo 25x/0.8NA objective) on 

a 780 Inverted confocal microscope (Zeiss) to identify nuclei. Whilst nuclear 

staining of control pancreata was faint, iDISCO treated samples had higher signal 

intensity and the imaging depth was only limited by the physical distance between 

objective and its point of focus in the specimen, also referred to as the objective 

working distance (Figure 13D). However, there was a noticeable decrease in signal 

intensity after 100 µm. To identify the protocol best suited for a homogeneous 

improvement of pancreas labelling and transparency, I next processed pancreata 

with CLARITY and CUBIC. 
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CLARITY clarifies mouse brains by lipid removal from a hydrogel-stabilized sample 

(Chung et al., 2013). First, a paraformaldehyde (PFA) incubation cross-links 

proteins, carbohydrates and nucleic acids with acrylamide monomers. In the 

following step, the biomatter-hydrogel matrix is polymerized with help of a thermal 

initiator. This tissue-hydrogel is intended to preserve integrity of the intricate 

neuronal circuitry of the brain (Chung et al., 2013). CLARITY then employs sodium-

dodecyl-sulphate (SDS) mediated removal of cellular membrane phospholipids, 

which do not react with PFA and therefore are not covalently embedded in the 

hydrogel (Figure 13A). This procedure (passive clearing) takes several days to 

weeks (Tomer et al., 2014). Optionally, electrophoresis can be used to remove the 

negatively charged SDS micelles with reduced incubation time (active clearing), 

which, however, is cost intensive and can perturb sample integrity (Chung et al., 

2013, Yang et al., 2014, Richardson and Lichtman, 2015) 

(forum.claritytechniques.org) (my own findings). To test the applicability of 

CLARITY to the pancreas, I embedded five pancreata in an acrylamide hydrogel 

and subjected the samples to one week of incubation in an SDS-supplemented 

buffer at 37°C for passive clearing. After seven days, the pancreata were not 

transparent, but had a noticeably reduced opaqueness (Figure 13B). In line with 

this, I measured an increased light transmittance in comparison with PBS 

incubated pancreata (Figure 13C).  

Prior to imaging, for equilibrating light scatter, CLARITY embeds a sample in 

FocusClear, a commercially available aqueous mounting medium (Chung et al., 

2013). To measure imaging depth, I stained nuclei and immersed pancreata in 

FocusClear before confocal microscopy. Similar to iDISCO, CLARITY-processed 

pancreata had a high overall signal intensity and improved imaging depth (Figure 

13D). 

  

CUBIC comprises sample incubation with two reagents, CUBIC1 and CUBIC2, 

which contain urea, non-ionic detergents, aminoalcohols and sucrose (Susaki et al., 

2014, Tainaka et al., 2014). Over a course of several days, the two reagents 

solubilize lipids, denature proteins and decolorize chromophores (Figure 13A). 

Thereby they enable penetration with labelling agents and reduce tissue light 

scatter (Susaki et al., 2014, Tainaka et al., 2014). To test the effect of CUBIC on 
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the pancreas, I processed three PFA fixed pancreata for a one week incubation in 

CUBIC1 reagent at 37°C, which resulted in a marked increase in tissue 

transparency and in improved light transmittance (Figure 13B, C). To assess the 

maximal imaging depth I subjected four CUBIC treated pancreata to DNA staining 

and confocal microscopy. For equilibration of the sample inherent light scattering 

properties, the original protocol embeds brain samples in CUBIC2 reagent for 

microscopy, but recommends CUBIC1 in the case of the pancreas (Susaki et al., 

2015). CUBIC1 immersed pancreata presented a high nuclear signal throughout 

the tissue (Figure 13D). 

  

Notwithstanding the clear improvements of pancreas transparency, iDISCO, 

CLARITY and CUBIC did not allow for immunolabelling, as detailed below. Thus, I 

designed 3D-IHC with the aims to increase light transmittance similarly to the 

tested techniques, and to additionally enable immunohistochemistry.  

To increase pancreas transparency and to enable the efficient access of immuno-

histochemical reagents, I incubated pancreata in SDS as it is a well established 

agent for rapid lipid-removal and clearing of specimens throughout the biology 

sciences (Bryant Jr. and Smith, 1985, Wong et al., 2006, Truernit et al., 2008, 

Chung et al., 2013). To this end, I composed the 3D-IHC reagent as a citrate (0.05 

M) or borate (0.2 M) buffered solution (pH 7.0) supplemented with 4% SDS. The 

buffer conditions were chosen for the antigen retrieval as described below.  Sample 

incubation in this reagent for 16 hours at 54°C rendered pancreata partially 

transparent, similar to CLARITY and CUBIC processed samples seven days after 

incubation (Figure 13A, B). In line with this, 3D-IHC cleared pancreata had an 

improved light transmittance (Figure 13C).  

To assess imaging depth, I subjected four 3D-IHC cleared pancreata to nuclear 

staining followed by immersion in the organic solvent MS, which was chosen for its 

time efficient and architecture-preserving properties (Bucher et al., 2000). I 

observed a strong nuclear signal that was present throughout the tissue (Figure 

13D). In summary, 3D-IHC, iDISCO, CLARITY and CUBIC all improved the optical 

properties of the pancreas in comparison with PBS incubated control samples. 
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Figure 13 - Whole pancreas clearing by 3D-IHC and alternative techniques.  

Comparison of CUBIC, CLARITY and iDISCO with 3D-IHC for their suitability to 
clear intact mouse pancreata. A) Scheme explaining the workflow for each 
technique to clear, label and mount samples prior to microscopy analysis. All 
techniques start with a paraformaldehyde (PFA) fixed sample. CLARITY 
additionally embeds the specimen in a hydrogel. Subsequently all techniques 
incubate samples in detergent rich buffers at 37°C (iDISCO, CLARITY, CUBIC) or 
54°C (3D-IHC). For 3D-IHC, this incubation is designed as a non-degradative rapid 
antigen retrieval (AR). Samples are then labelled with dyes or antisera and 
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mounted in organic solvents (OS) or aqueous mounting media (AqM) for light 
microscopy. B) Intact pancreata after processing with the indicated technique or 
control incubation in PBS. C) At least three pancreata per technique were cleared, 
homogenized and transmittance was measured by spectrophotometry. D) At least 
four pancreata per technique were cleared and nuclei labelled with 1, 5 – bis {[2 - 
(di - methylamino) ethyl] amino} - 4, 8 – dihydroxyanthracene - 9, 10 - dione 
(DRAQ5). Specimens were immersed in MS (3D-IHC and iDISCO), FocusClear 
(CLARITY) or CUBIC1 (CUBIC) and subjected to confocal microscopy. Three-
dimensional datasets were analysed in ImageJ and the nuclear intensity plotted as 
function of the imaging depth. Thick lines represent mean of the four pancreata per 
technique. Thin lines indicate error of the mean. Arrow indicates working distance 
of the 25x objective. 
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I next compared 3D-IHC, iDISCO, CLARITY and CUBIC for their suitability for 

pancreas immunohistochemistry. At least four half pancreata per technique were 

cleared according to the respective protocol and stained with antibodies against the 

duct cell marker keratin 19 (Krt19), the acinar enzyme amylase, the β-cell marker 

pro-protein convertase 1 (PCSK1) and smooth muscle actin (SMA). The four 

antisera were chosen for their excellent performance in conventional 

immunohistochemistry on tissue sections. Of the published iDISCO, CLARITY and 

CUBIC protocols, only CUBIC resulted in detectable staining for PCSK1, SMA and 

amylase, but not Krt19 (Figure 14A, B). In the CUBIC-treated pancreas, amylase 

was detected only in the outer layers of the sample, despite the high abundance of 

acinar cells throughout the pancreas. The PCSK1 signal was confined to globular 

structures as expected for islets, and SMA gave a tubular pattern, indicating blood 

vessels (Figure 14B). However, the overall signal-to-noise ratio was low.  

I hypothesized that the low efficiency of immunolabelling could be due to a lack of 

antigen recognizable by the respective antibodies. Conventional 

immunohistochemistry on sectioned tissue requires a partial dissociation of the 

paraformaldehyde cross-linked organic matter by enzymatic digestion of the cross-

linked proteins (degradative antigen retrieval) or by heat mediated hydrolysis of the 

covalent formaldehyde linkage (non-degradative antigen retrieval) (Shi et al., 2001). 

Antigen retrieval un-masks structures and antigens to be recognised by histological 

staining reagents and antibodies. Absence of an antigen retrieval step or excessive 

tissue fixation greatly limits staining quality and can induce staining artefacts (Shi et 

al., 2001). To allow the preservation of tissue architecture, I composed 3D-IHC as a 

non-degradative heat mediated antigen retrieval (HMAR). Two main variables, the 

buffer composition and incubation temperature are crucial for efficient HMAR (Shi 

et al., 2001). Citrate-, tris- or borate-buffered solutions are routinely used for 

paraffin-embedded tissue sections (Kim et al., 2004). I tested citrate- and borate-

buffers on whole-mount pancreas and found no difference on staining quality. In 

routine immunohistochemistry, HMAR relies on boiling the tissue sections by 

microwave-heating or pressure-cooking (Kim et al., 2004). However, this process 

has been shown to alter the architecture of extracellular matrix components, for 

example causing shrinkage of collagen fibres (Gadd, 2014). I hypothesized that 

excessive heat may be detrimental to tissue integrity and thus employed an 

extended (16 hours) incubation at reduced heat (54°C). This mild antigen retrieval 



Chapter 3 Results 

 

98 

 

could be combined with lipid extraction in a single over-night step to minimize 

sample processing time. To test the effect of 3D-IHC on immunolabelling, three 3D-

IHC-processed pancreata were stained with antisera against amylase, Krt19, 

PCSK1 and SMA. All four stains detected the expected structures throughout the 

sample thickness and with high signal-to-noise ratio (Figure 14, B). I concluded that 

3D-IHC allows for immunohistochemistry on whole-mount mouse pancreas.  
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Figure 14 – Molecular interrogation of the clarified pancreas. 

Comparison of the suitability of 3D-IHC, iDISCO, CLARITY and CUBIC for 
immunohistochemistry on the pancreas. A) Left: Scheme illustrating sample 
orientation and image acquisition of the sample shown on the right. 
Confocal microscopy images a sample by laser scanning of an xy field inside the 
focal plane, which is demarcated as z. Each xy field constitutes an optical 
section, in the scheme z1 to z1o. Through stepwise acquisition of xy fields with 
changing focus, a set of optical sections is formed that can be reconstructed as a 
three-dimensional view, or z-stack, in silico. Right: Cleared pancreata were 
stained for Krt19 and nuclei (DRAQ5) and imaged by confocal microscopy with 
a 25-fold magnification lens. Shown is the side view displaying the distribution 
of signal with increasing imaging depth. Scale bars 50 µm. B) Three-
dimensional reconstruction of pancreata stained for amylase (AMY), 
prohormone convertase 1/3 (PCSK1) or smooth muscle actin (SMA). Scale 
bars 100 µm. All scale bars of three-dimensional reconstructions refer to the 
centre of the z-stack.
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Apart from sample transparency, three-dimensional tissue interrogation 

necessitates preserved tissue architecture. To assess the effect of 3D-IHC on 

sample integrity, I processed three whole pancreata attached to the duodenum for 

3D-IHC and subsequent staining with Krt19. The lobular organization of the 

pancreas was preserved and a myriad of ducts of various calibres was 

readily visible throughout the organ (Figure 15A). Importantly, these ducts 

remained undisrupted and intact in their structure and arborisation (Figure 15B, 

C). When assessed by conventional histology on paraffin-embedded, 

sectioned tissue, pancreatic ducts appear as a cylindrical continuous 

monolayer of Krt19 positive cells. Importantly, three-dimensional imaging 

preserved the tubular shape of ducts and optical sections through the ducts 

faithfully reproduced the duct cell monolayer (Figure 15B, C, D. A movie of a detail 

of the ductal system is enclosed in Appendix – Movie 1). This indicated that 3D-IHC 

preserves pancreas architecture.
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Figure 15 – Preserved pancreas integrity after 3D-IHC. 

Assessment of pancreatic epithelium after 3D-IHC processing. A) Whole mouse 
pancreas attached to the duodenum (left) after 3D-IHC processing and 
immunostaining for Krt19. Scale bar 4 mm. A’) Magnification of the area indicated 
in A shows a multitude of ducts. Scale bar 1 mm. B) Three-dimensional view of a 
small duct (11 µm calibre), with preserved arborization. Scale bar 50 µm C) 
Intact high calibre duct (32 µm diameter). Scale bar 50 µm. (C’) Optical section 
through the indicated area in C shows continuous duct cell monolayer and ductal 
lumen. Scale bar 30 µm. D) Staining for Krt19 and nuclei (DRAQ5) on a 4 µm 
tissue section of paraffin-embedded pancreas. Scale bar 30 µm. All scale bars of 
three-dimensional reconstructions refer to the centre of the z-stack. 
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3.1.3 The pancreas ductal tree. 

The ductal system of the human pancreas can be subdivided into segments of 

distinct morphology based on duct cell shape, presence of surrounding stroma and 

duct localization (Githens III et al., 1980, Takahashi, 1984, Reichert and Rustgi, 

2011). Several studies have proposed a heterogeneous functionality and plasticity 

of different ductal segments (Bonner-Weir et al., 2010, Rovira et al., 2010, 

Yamaguchi et al., 2015, Carpino et al., 2016b). A better characterization of the 

architecture of the ductal system in the mouse pancreas is essential to shed light 

on the function and role of different ductal segments. Nevertheless, such 

correlations have remained essentially unaddressed due to the technical difficulties 

of reconstructing the ductal system in all its intricacy solely from tissue sections. 

Thus, as a starting point for studying pancreatic ducts in organ maintenance and 

transformation, I set out to improve our knowledge of the architecture of the ductal 

system. With the aim to allow for robust detection of every duct cell, I employed a 

combinatorial approach of genetic duct cell tagging and immunolabelling.  

The Hnf1β-CreERT2 mouse allele has been characterized as highly tamoxifen 

dependent and to specifically recombine in pancreas ductal cells (Solar et al., 

2009). In order to label duct cells, I intercrossed Hnf1β-CreERT2 mice with R26-

CAG-tdTomato mice, which conditionally express tdTomato, a red fluorescent 

protein (RFP) derivative (Madisen et al., 2010). I detected no tdTomato-positive 

cells in adult mice without tamoxifen injection (Figure 16A). Intraperitoneal 

tamoxifen injection induced tdTomato expression throughout the ductal system 

(Figure 16A).  

For three-dimensional interrogation of the ductal system, I processed three 

pancreata of eight-week-old R26-CAG-tdTomato : Hnf1bCreERT2 mice seven days 

after tamoxifen-mediated recombination. Whole pancreata were dissected, leaving 

duodenum and spleen attached, and processed with 3D-IHC. Subsequently, 

samples were stained with antisera against RFP (detects tdTomato) and the duct 

cell marker Krt19, to faithfully label all duct cells. The intact samples were imaged 

and ducts were identified by Krt19 and tdTomato co-positivity (Figure 16B, C). 

Analysis of the ductal hierarchy revealed its organization in a tree-like structure 

emerging from the bile duct, which, in the mouse, runs through the pancreas before 

ending in the duodenal papilla (Dolensek et al., 2015). The intrapancreatic portion 
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of the bile duct, here termed hepato-pancreatic duct, was clearly discernible by the 

presence of peribiliary glands, blind-ending Krt19+ structures evaginating from the 

ductal lumen (Figure 16C) (Dipaola et al., 2013). Several short, low calibre ducts 

and one to two high calibre ducts were found to emerge from the hepato-pancreatic 

duct. The two biggest ducts (42 µm to 110 µm calibre) were classified as main 

ducts of the pancreas (Figure 16D). They spanned long distances before 

diminishing in diameter and usually ended in a symmetric bifurcation. Similar to the 

hepatopancreatic duct, the main pancreatic ducts contained blind-ending Krt19+ 

outpouches. These structures have been described before as pancreatic ductal 

glands (Strobel et al., 2010). I found pancreatic ductal glands confined to the 

proximal part of the main ducts in the duodenal lobe. Apart from the localized 

evagination of pancreatic ductal glands, several ducts branched off the main ducts 

and those further ramified extensively into subsequently smaller and shorter ducts.  

Interlobular ducts were recognized by their interconnection of lobules and had a 

calibre between 20 µm to 41 µm.  Often, interlobular ducts bifurcated into smaller 

interlobular ducts of around 18 µm diameter (Figure 16D).  

Intralobular ducts were identified as the duct draining one lobule and had a calibre 

between 7 µm to 18 µm (Figure 16D). They ramified into highly arborized 

intercalated ducts of smaller diameter (Figure 16E). These Intercalated ducts 

ended in single terminal duct cells. Co-staining with amylase showed that the 

terminal duct cells were located in the middle of an acinus (Figure 16F). Their 

localization characterized these duct cells as centroacinar cells, confirming 

previous studies in the rat (Ashizawa and Kinoshita, 2012). I found no 

anastomoses and ducts were arborized in a hierarchical order with continuously 

decreasing calibre (Figure 16E). 
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Figure 16 - Architecture of the pancreatic ductal system. 

A) Staining for tdTomato and Krt19 in R26-CAG-tdTomato : Hnf1βCreERT2 mice 
without (left) and with (right) intraperitoneal injection of 100 µg tamoxifen per gram 
bodyweight (3 mice). Scale bar 500 µm. B) Three-dimensional reconstruction of 
whole pancreas attached to duodenum (left) and spleen (right). Three pancreata 
were processed seven days after tamoxifen injection and stained for tdTomato. 
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tdTomato expression is seen in the pancreas and in ‘ribbons’ in the duodenum. 
Scale bar 5 mm. Insert: Magnification of the indicated area resolves the signal into 
tdTomato positive ducts. Scale bar 1 mm. C) Three-dimensional view of the 
hepatopancreatic duct shows peribiliary glands and the proximal part of a 
pancreatic main duct with evaginating pancreatic ductal glands. A highly arborized 
small-calibre duct is seen branching off the main duct. Scale bar 500 µm. D) Plot of 
calibres of different ductal segments. Ducts were identified by their location and 
relative position in the ductal tree and ductal diameters were measured in z-stacks 
of three Krt19- and tdTomato-stained pancreata. Each dot represents one duct. E) 
Arborisation of ductal segments. For three Krt19- and tdTomato-stained pancreata, 
z-stacks of at least thirty random high magnification views were taken. Per view the 
largest duct was identified and diameters were measured for four subsequent 
branching ducts to categorize the mode of arborisation. For ducts with more then 
one furcation, the sequence was continued with the biggest duct ramifying from it. 
Terminal duct cells were assigned a diameter of 0 µm to indicate ending of the 
ductal tree. Each dot represents one duct and lines indicate ramification. F) High 
magnification of an intercalated duct with ductal endings (arrows) Scale bar 20 µm. 
F’) The same region with cytoplasmic amylase staining of acinar cells. Orthogonal 
views locate one ductal ending in the centre of an acinus, identifying it as a 
centroacinar cell. Dotted line indicates acinus. Scale bar 20 µm. All scale bars of 
three-dimensional reconstructions refer to the centre of the z-stack. 
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In the human pancreas, ducts have been classified by localization, calibre, 

thickness of surrounding stroma and by cell morphology (Reichert and Rustgi, 

2011). To correlate these characteristics in the mouse, pancreata of three eight-

week-old mice were stained for Krt19 and SMA to visualize ducts and stroma 

respectively. I quantified duct cell height and length, and thickness of stroma per 

ductal diameter. Interestingly, all parameters changed gradually with the duct 

calibre. High calibre ducts were built of cuboidal cells whereas ducts of smaller 

diameter had subsequently flatter, elongated cells (Figure 17A, B, C). Big ducts 

were surrounded by a considerable stromal layer (Figure 17D, E). With diminishing 

duct diameter, stromal thickness regressed (Figure 17D, E).  

Together these findings characterize the ductal system of the adult mouse 

pancreas as follows. Main ducts have a diameter of above 40 µm, are lined by 

cuboidal cells and surrounded by a stromal layer of above 10 µm. Those branch off 

into interlobular ducts draining separate pancreatic lobules. Interlobular ducts are 

characterized by a diameter of 20-40 µm and a stromal layer of 5-10 µm. They 

ramify into intralobular ducts with a calibre of 7-20 µm, no or thin (below 5 µm) 

stroma and low cuboidal (cell height/length ratio between 0.5 and 0.8) cells. 

Intercalated ducts connect intralobular ducts with the enzyme-secreting acini. They 

are highly arborized ducts of decreasing diameter and built by long, flat cells. 

Intercalated ducts terminate in single centroacinar cells in the centre of an acinus. 

Whilst I also observed intercalated ducts directly draining into an interlobular duct 

(Figure 17B), all ducts were connected in a hierarchical order and without 

anastomoses. Thus, the adult mouse pancreatic ductal system resembles a tree 

rather then a network. 
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Figure 17 - Cytological characteristics of ductal segments. 

A) Three-dimensional reconstruction of an interlobular duct (IL) stained for Krt19 
and tdTomato. A highly arborized intralobular duct (IN) is shown branching off the 
interlobular duct. Arrows demarcate intercalated ducts. Scale bar 100 µm. B) High 
magnification of the indicated area in A showing intercalated ducts draining into the 
interlobular duct. Arrows point at centroacinar cells. Scale bar 50 µm. B’) Optical 
section through the indicated area in B. Interlobular duct cells (lower left) are 
cuboidal as their cell height equals their cell length. Intercalated duct cells (centre) 
are long, flat cells with a cell length that is two times their height. Scale bar 50 µm. 
C) Graph of cell shape for ducts of different diameter. Per duct, cell height and 
length was measured for five cells. Each dot represents the average of the cells 
measured per duct. Data were grouped in increments of 10 µm duct diameter. D) 
Three-dimensional reconstruction of a ramifying interlobular duct (IL) and SMA 
positive vessels and stroma. D’) Optical sections through different levels of the z-
stack in D showing varying thickness of ductal stroma for different ductal segments. 
Arrow demarcates small calibre duct with absent stroma. Arrow head indicates high 
calibre duct with surrounding stroma. Scale bar 50 µm. E) Plot of the stroma 
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thickness for different ductal segments. The thickness of duct surrounding stroma 
and the ductal diameter were measured on three SMA- and Krt19-stained 
pancreata. Each dot demarcates one duct. All scale bars of three-dimensional 
reconstructions refer to the centre of the z-stack. 
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3.1.4 3D-IHC-assisted microscopy of the mammary gland, liver and lung.  

Our group has a long-standing interest in adult stem cell function in various inner 

organs. This prompted me to address the utility of 3D-IHC for other organs, thereby 

focusing on mammary gland, liver and lung.  

 

Application to the mammary gland 

Three-dimensional microscopy of the mammary gland has previously characterized 

the glandular epithelium as a tree of branching tubes (Rios et al., 2014). Two cell 

layers build the tubular epithelium, an outer myoblast layer of flat elongated cells 

and a luminal layer of cuboidal Keratin 8 (Krt8) positive cells. Recently our group 

has developed an interest in the biology of a sub-population of Leucine-Rich 

Repeat Containing G Protein-Coupled Receptor 6 (Lgr6)-positive luminal cells 

(Blaas et al., manuscript submitted). This population can be traced genetically by 

conditional expression of tdTomato in a mouse model expressing Cre recombinase 

under Lgr6-regulating sequences (Lgr6-CreERT2). I processed 5 whole mammary 

glands seven days after a single intraperitoneal tamoxifen injection (100 µg/g 

boduweight) with 3D-IHC and stained for luminal cells (Krt8) and tdTomato. When 

subjecting the samples to confocal microscopy, I found that some specimens had 

retained a noticeable opaqueness of deep tissue. This may suggest the necessity 

for extended 3D-IHC incubation times in the case of the mammary gland. 

Nevertheless, confocal imaging of a whole intact mammary gland reveiled a 

plethora of mammary ducts and high magnification imaging of selected regions 

showed a continuous cylindrical layer of Krt8-positive cells in the ducts and distal 

tips (Figure 18A, B). Some of the luminal cells were co-positive for Krt8 and RFP 

(Figure 18B, C). This is in line with our previous results from paraffin-embedded, 

sectioned mammary glands (Blaas et al., manuscript submitted). When analysed in 

optical sections, the mammary ductal epithelium resembled the appearance of 

mammary ducts of paraffin-embedded, sectioned mammary glands (Figure 18C, D).  
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Figure 18 - Three-dimensional interrogation of the mammary gland.  

A) Whole mount microscopy of intact mammary gland after 3D-IHC processing and 
staining for Krt8. Scale bar 2 mm. B) Three-dimensional reconstruction of a 
mammary duct stained for Krt8 and tdTomato. Scale bar 100 µm. C) High 
magnification of the indicated area in B showing isolated tdTomato-positive cells in 
the duct. Scale bar 50 µm. C’) Optical section through the duct in C showing tracing 
of some of the luminal cells. Scale bar 20 µm. D) Staining for tdTomato and Krt8 on 
a 4 µm section of paraffin-embedded mammary gland. All scale bars of three-
dimensional reconstructions refer to the centre of the z-stack.  
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Application to the liver 

Liver is routinely assessed by two-dimensional microscopy. I processed four intact 

liver lobes by 3D-IHC followed by immunolabelling with antisera against SMA 

(vessels) and Krt19 (hepatic ducts) and staining with DBA (bile ducts). The outer 

tissue layers of the liver lobes presented high levels of autofluorescence, which 

masked the specific signal when imaged with 10x magnification (Figure 19A). 

Nevertheless, imaging of deeper regions readily identified an intricate arrangement 

of vessels and hepatic ducts (Figure 19B). Ducts were formed by a monolayer of 

Krt19 positive cells. Interestingly, I observed a heterogeneous DBA positivity of 

hepatic duct cells (Figure 19B). Importantly, a similar staining pattern was found by 

analysis of paraffin-embedded sectioned liver tissue (Figure 19C). I concluded that 

3D-IHC has a limited potential for three-dimensional interrogation of liver tissue.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19 - Three-dimensional interrogation of the liver. 

A) Whole mount staining of a liver lobe for Krt19 and SMA. Scale bar 1 mm. B) 
High magnification of intrahepatic duct and vessels showing heterogeneous ductal 
positivity for DBA. Scale bar 200 µm. B’) Single channel images of the indicated 
area in B. Scale bar 50 µm. B’’) Optical section of the indicated area in B showing 
the arrangement of duct cells in a continuous monolayer around the ductal lumen. 
Arrows indicate cells with varying DBA positivity. Scale bar 50 µm. C) Comparative 
region showing an intrahepatic duct of paraffin-embedded sectioned liver. Arrows 
indicate differential DBA positivity. Scale bar 50 µm. All scale bars of three-
dimensional reconstructions refer to the centre of the z-stack. 
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Application to the lung 

Similar to liver, lungs are commonly assessed as two-dimensional tissue sections. I 

subjected three intact lung lobes to 3D-IHC and staining for vessels and 

myofibroblasts (SMA) and lung club cells (CC10). Three-dimensional microscopy 

unravelled a unique arborized structure of distinct SMA-positive and CC10-positive 

cell populations (Figure 20A). In line with published findings, I found club cells 

confined to the lining of the bronchiolar tree (Figure 20B). Long myofibroblasts 

were located basal to club cells and wrapped around bronchioles (Figure 20C, D). 

This peculiar arrangement was confirmed by two-dimensional 

immunohistochemistry on paraffin-embedded lung tissue sections (Figure 20E).  

 

Together, I characterized 3D-IHC as a rapid tool for three-dimensional 

immunohistochemistry of preserved, intact mouse pancreas. Furthermore, the 

assays on mammary gland, liver and lung highlighted the possibility to adapt 3D-

IHC to other internal organs. 
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Figure 20 - Three-dimensional analysis of the lung. 

A) Coronal view of a lung lobe after 3D-IHC and staining for CC10 and SMA. Scale 
bar 1 mm.  B) High magnification of the indicated area in A showing the bronchus, 
ramifying bronchioles and bronchiolar endings. Scale bar 500 µm. C) High 
magnification of the indicated area in B showing myofibroblasts enwrapping the 
bronchiole. Single channel images are shown in C’ for SMA and in C’’ for CC10. 
Scale bars 150 µm. D) Optical section through the indicated area in C showing the 
spatial organization of lung club cells and myofibroblasts around the bronchiolar 
lumen. Scale bar 50 µm E) Staining for CC10 and SMA on a comparable region of 
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paraffin-embedded sectioned lung tissue. Scale bar 50 µm. All scale bars of three-
dimensional reconstructions refer to the centre of the z-stack. 
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3.2 Discussion: Three-dimensional interrogation of the intact 
pancreas. 

Recent years have seen great progress in the development of techniques for the 

analysis of biological specimens by light microscopy, yielding data with 

continuously higher magnification and resolution. Today, the life sciences have 

recognised the need to integrate the detailed characteristics of a single cell into the 

context of its environment and the three-dimensional anatomical landscape of the 

tissue it resides in. The development of optical sectioning techniques and their 

implication in confocal and light-sheet microscopy has opened the door for three-

dimensional specimen interrogation with subcellular resolution. Neurosciences 

have pioneered this era and techniques such as CLARITY and CUBIC have been 

developed with the aim to combine anatomical with morphological information and 

cell phenotyping. These techniques are tailored to the peculiar architecture and 

biochemistry of the brain and devised to image and map the three-dimensional 

connectivity of the nervous system in its unperturbed complexity. Whilst particularly 

obvious for the brain, in fact all tissues are organized with a spatial complexity that 

underlies organ function. Three-dimensional whole-organ imaging offers an 

unprecedented, though barely endeavoured opportunity to map distinct cell 

populations and study their behaviour in reference to organ anatomy.  

So far, three-dimensional pancreas anatomy and morphology has mainly been 

studied by µMRI (high field strength magnetic resonance imaging microscopy) with 

a spatial resolution of 50 µm and OPT (optical projection tomography) (20 µm 

resolution) (Alanentalo et al., 2007, Grippo et al., 2011). Whilst beneficial for their 

high acquisition speed, the maximal resolution of both techniques does not meet 

requirements for the detection and molecular evaluation of single cells. Instead, 

OPT and µMRI remain favourable for the rapid imaging of big structures, such as 

the distribution of islets or tumour lesions.  

Three-dimensional light microscopy of CLARITY-, CUBIC- or iDISCO-processed 

samples with subcellular resolution has been suggested to be adaptable from brain 

to other organs. In fact CLARITY and CUBIC have been shown to be able to clarify 

mouse pancreas and I confirmed the positive effects on sample transparency 

(Yang et al., 2014, Tainaka et al., 2014, Susaki et al., 2015). On the other hand, 

limitations in the compatibility of CLARITY with antibody-mediated staining and its 
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adaptability to other organs have been noted (Tomer et al., 2014, Yang et al., 

2014) (forum.claritytechniques.org). Antibody-mediated staining of CLARITY-, 

iDISCO- or CUBIC-processed pancreata has not been tested so far. I found that 

none of the published protocols produced satisfying results for the pancreas. 

Hence, I developed 3D-IHC, a technique for molecular and structural interrogation 

of the mouse pancreas. Unlike previous methods, 3D-IHC greatly enhanced the 

success of immuno-histochemical tissue interrogation.  

Similar to iDISCO, CLARITY and CUBIC, 3D-IHC employs incubation in a 

detergent rich solution to reduce lipid content and increase permeability and tissue 

transparency. Such treatment has been discussed to evoke the depletion of 

biomatter from the processed samples (Chung et al., 2013, Yang et al., 2014). 

Excessive loss of proteins would be expected to perturb immuno-histochemical 

stainings and possibly have detrimental effects on tissue integrity. Conversely, 3D-

IHC greatly enhanced the success of immunohistochemistry, and cell membrane-

associated epitopes remained readily detectable. Furthermore, iDISCO, CLARITY, 

CUBIC and 3D-IHC preserve tissue integrity throughout the specimen. Thus, whilst 

its applicability for the detection of very rare antigens was not tested, 3D-IHC offers 

a tool for standard three-dimensional immunohistochemistry.  

In contrast to previously published techniques, 3D-IHC processing of a specimen 

takes one week, making it the fastest protocol for three-dimensional phenotyping. 

However, a major bottleneck remains in the expenditure of image acquisition time. 

Whole organ imaging usually employs light sheet microscopy for its considerable 

speed (Richardson and Lichtman, 2015). However, in the absence of an imaging 

system ready built for volumetric acquisition of large samples, for this thesis all 

specimens were imaged on a 780 Inverted confocal microscope (Zeiss). In 

comparison with light sheet microscopes, such a laser scanning microscope is two 

to three orders of magnitude slower (Tomer et al., 2014). For example imaging of 1 

cm3 tissue with 20x magnification and subcellular resolution was estimated to take 

50 days (Richardson and Lichtman, 2015). Yet, the use of low magnification lenses 

or restriction to smaller regions for imaging with higher magnification can greatly 

accelerate image acquisition. For example, scanning of an entire pancreas using a 

Plan Apo 10x/0.45NA objective with a voxel size of 2 µm x 2 µm x 3 µm (X Y Z) 

took around 50 hours per label and it allowed for the identification of all ductal 

segments.  
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I employed 3D-IHC to study the architecture of the ductal system in the adult 

mouse pancreas. My results are in line with morphological studies on isolated 

ductal fragments of the human and rodent pancreas (Githens III et al., 1980, 

Strobel et al., 2010, Ashizawa and Kinoshita, 2012, Dipaola et al., 2013). Various 

parameters, including duct calibre, cell shape and thickness of associated stroma 

define a ductal segment. I found these factors to differ drastically from proximal 

(hepato-pancreatic duct) to distal (centroacinar cell) ductal segments (Figure 21). 

However, duct and cell morphology change gradually and with a high variance 

among same-calibre ducts and neighbouring cells. These results establish an 

anatomical reference for my later studies on the segmental heterogeneity of ducts 

in regeneration and transformation. 

 

 

 

Figure 21 – Segmental architecture of the mouse pancreatic ductal tree. 

Scheme of the physical parameters defining ductal segments in the mouse 
pancreas. The main pancreatic ducts are high calibre ducts formed by a cylindrical 
monolayer of cuboidal cells. Small calibre ducts branch off the main ducts and 
ramify into subsequently smaller intercalated ducts of long flat cells. From main 
duct to interlobular duct, ductal segments are embedded in a stroma of decreasing 
thickness. Intercalated ducts are not enwrapped in a continuous stroma.  
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Chapter 4. Results 2 

4.1 Pancreas maintenance by the ductal compartment. 

4.1.1 Introduction  

For more than one hundred years, the idea that pancreatic ducts contain progenitor 

cells that may maintain and regenerate pancreatic acinar and endocrine tissues 

has been debated. Previous studies reported endocrine cells in the ductal 

epithelium, at parts co-positive for ductal markers, as well as enhanced duct-cell 

proliferation after tissue damage with endocrine cells “budding off” ductal remnants 

(Butler et al., 2003, Bonner-Weir et al., 2010, Li et al., 2010). Together, these 

findings led researchers to propose a progenitor population residing in the ductal 

compartment (Bonner-Weir et al., 2010). However, the use of GEM models to 

lineage trace duct cells and their progeny failed to support the proposed progenitor-

like capacity of duct cells (Solar et al., 2009, Kopp et al., 2011). One possible 

explanation for those discrepancies originates in the different GEM models and 

experimental settings used. On the other hand, those results may reflect a rare 

cellular event missed by tracing experiments or could hint towards a localized 

progenitor region that has been overlooked. Several studies suggest that a 

progenitor capacity is confined to a subset of ductal cells or segments (Rovira et al., 

2010, Huch et al., 2013, Sancho et al., 2014, Delaspre et al., 2015, Carpino et al., 

2016b). Three-dimensional tissue microscopy has the advantage of readily 

identifying rare events since a cell or structure of interest can be easily seen in the 

transparent organ. I hypothesized that three-dimensional analysis of the ductal 

progeny should allow me to revisit the challenged dogma of adult ductal plasticity. 

Specifically, I aimed to characterize the role of duct cells in the maintenance of 

endocrine β-cells and of exocrine acinar cells in the homeostatic pancreas.  
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4.1.2 Physiological β-cell supply from adult pancreatic duct cells. 

Several studies have reported a physiological occurrence of β-cells in the ductal 

epithelium of the extrahepatic bile duct as well as in pancreatic ducts (Dutton et al., 

2007, Bonner-Weir et al., 2010, Van de Casteele et al., 2013, Zhang et al., 2016). 

Given the importance of such an observation to the study of duct cell plasticity, I 

revisited this finding by analyzing five pancreata of adult mice (between eight and 

thirteen weeks old) by three-dimensional visualization of Krt19-positive duct cells 

and insulin (Ins)-positive β-cells. In line with previous observations, I detected rare 

β-cells in the pancreatic ductal epithelia of all mice. I found β-cells in low and high 

calibre ducts throughout the pancreas, as well as in the epithelium of the hepato-

pancreatic duct and the peribiliary glands. Additionally, some Ins-positive cells 

appeared in clusters between the peribiliary glands embedded in the stroma of the 

hepato-pancreatic duct. These findings were reproduced by two-dimensional 

immuno-histochemical analysis of sectioned hepato-pancreatic ducts from three 

ten-week-old mice (Figure 22A, B).  

The occurrence of Ins-positive cells in the ductal epithelium was puzzling as a 

clustered β-cell organization in islets is the prerequisite to endocrine functionality 

and lost in the endocrine disorder diabetes (Halban et al., 1982, Jaques et al., 2008, 

Striegel et al., 2015). Instead, the existence of duct-lining Ins-positive cells in the 

adult pancreas might indicate an ongoing β-cell supply from adult duct cells, 

reminiscent of the ductal β-cell source in the embryo. Thus, I set out to better 

characterize these Ins-positive cells in their relative resemblance of β-cells or 

ductal cells, respectively. To this end, I analyzed the hepato-pancreatic ducts of 

four eight-week-old mice. Tissue sections of paraffin-embedded bile ducts were 

stained with antisera against Krt19 to mark the ductal epithelium, and against 

antigens of mature β-cells, such as the enzyme PCSK1 and the transcription 

factors Isl1, Nkx6.1, Pax6 and Pdx1. Duct-lining β-cells were positive for all factors 

tested (Figure 22C). Interestingly, these cells retained some positivity for the duct 

cell markers Krt19 and DBA. The duct fate determinant Hnf1β was however not 

detected (Figure 22C). Together, this showed that β-cells can occur in the ductal 

epithelium of the adult mouse pancreas.  
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Figure 22 - Characterization of duct-lining β-cells. 
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A) Three-dimensional view of a representative hepato-pancreatic duct and 
peribiliary glands stained for Krt19 and Insulin. Arrows indicate islets in the 
adjacent pancreatic lobule. Box demarcates a peribiliary gland with islet. Scale bar 
200 µm. Scale bar refers to the centre of the z-stack. A’) High magnification of the 
indicated area in A showing a single β-cell (arrow head) in the ductal lining and an 
islet in proximity to the ductal gland (arrow). Scale bar 50 µm. A’’) optical section 
through the delineated area in A’. Star indicates ductal lumen. Scale bar 50 µm. B) 
Staining for Ins and DBA on tissue sections of paraffin-embedded extrahepatic bile 
ducts (three mice) Left column: β-cells in the duct cell lining of the hepato-
pancreatic duct. Scale bar 50 µm. Right column: Ins-positive cells in the peribiliary 
glands. Scale bar 10 µm. Stars indicate ductal lumen. Scale bar 50 µm. C) Co-
stainings for Krt19 and indicated β-cell markers on tissue sections of paraffin-
embedded extrahepatic bile ducts (four mice). Ductal lumen is at the top, and 
basement membrane at the bottom of each image, respectively. Star demarcates 
unspecific signal in the ductal lumen. Scale bars 10 µm. 
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The intriguing finding of duct-lining β-cells raised the question whether there is a 

continuous β-cell supply from the ductal lineage in the adult pancreas. As 

discussed, this hypothesis has been challenged previously, where β-cells could not 

be traced from a ductal origin in the adult mouse (Solar et al., 2009, Furuyama et 

al., 2011, Kopp et al., 2011). I hypothesized that the labelling efficiency inherent in 

earlier mouse models might have been too low to detect a mild conversion of duct 

to β-cells. With the excellent duct cell labelling efficiency of the R26-CAG-

tdTomato : Hnf1β-CreERT2 mouse (see 3.1.3 The pancreas ductal tree), I aimed to 

reassess the extent of physiological duct cell contribution to the β-cell mass.  

To assess labelling specificity in the R26-CAG-tdTomato : Hnf1β-CreERT2 mouse 

model, three eight-week-old mice were given one intraperitoneal tamoxifen 

injection and analyzed seven days after. Surprisingly, and in contrast to the 

published characterization of the Hnf1β-CreERT2 allele, I found efficient labelling in 

Krt19-negative non-duct cells, which might be due to the different tracers used 

(Solar et al., 2009). These cells were amylase negative and their abundance in the 

periphery of sphere-like cell clusters suggested recombination in the islets of 

Langerhans (Figure 23A, B). Thus, I analyzed recombination in somatostatin 

(SST)-positive δ-cells and glucagon-(Gluc)-expressing α-cells in two mouse 

pancreata seven days after intraperitoneal tamoxifen injection. I found that the R26-

CAG-tdTomato : Hnf1β-CreERT2 strain efficiently recombined δ-cells (above 90%) 

and to a lesser extent α-cells (less than 20%) (Figure 23C). 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 Results 

 

123 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23 - Hnf1β-CreERT2 mediated recombination in δ-cells. 

A) Experimental timeline. Three adult R26-CAG-tdTomato : Hnf1β-CreERT2 mice 
were subjected to one intraperitoneal injection of 100 µg tamoxifen per gram 
bodyweight and analyzed seven days later. B) Three-dimensional view of 
pancreatic region stained for tdTomato, Krt19 and Amy (shown in B’). Scale bar, 
200 µm, refers to the middle of the z-stack. B’) Orthogonal optical sections through 
the indicated area in B showing recombined cells negative for duct cell marker 
Krt19 and acinar cell marker amylase (Amy). Scale bar 200 µm. C) Co-staining of 
α-cell (glucagon (Gluc)) and δ-cell (somatostatin (SST)) markers with tdTomato on 
paraffin-embedded sectioned pancreas (two mice). Arrows indicate completely 
traced ducts. Scale bar 100 µm. C’’) High magnification and single channel images 
of the delineated area in C. Arrow head indicates a non-labelled α-cell. Star 
demarcates traced δ-cell. Scale bar 50 µm. 
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In order to query the contribution of duct cells to β-cells, I interbred R26-CAG-

tdTomato : Hnf1β-CreERT2 mice with the Ins-GFP strain, which expresses GFP 

(green fluorescent protein) under insulin 1 regulating sequences (Hara et al., 2002). 

Since the potential β-cell neogenesis might be higher in younger, growing mice, a 

thorough assessment of duct-to-β-cell contribution could benefit from the 

comparative analysis of young, adolescent and adult mice. However, previous 

studies reported δ-to-β-cell conversion in two-week-old mice and in light of the high 

recombination of R26-CAG-tdTomato : Hnf1β-CreERT2 mice in δ-cells, the analysis 

of tdTomato-traced β-cells in young mice could potentially include δ-cell progeny 

(Chera et al., 2014). δ-to-β-cell conversion is restricted to pre-pubescent mice and 

thus, I focused my analysis on adolescent five-week-old and adult eight-week-old 

mice (Chera et al., 2014). To reduce Hnf1β-CreERT2-mediated recombination in 

non-ductal cells, all mice were given one intraperitoneal injection of tamoxifen. 

Three adult mice were euthanized and pancreata analyzed seven days after 

recombination to assess labelling efficiency in duct cells and labelling in β-cells 

(background label) (Figure 24A). This treatment protocol recombined around 90% 

of ductal cells. I observed 1.2% recombination in β-cells, which I classified as 

background recombination (Figure 24B, C).  

To assess duct-to-β-cell contribution, adolescent five-week-old (three mice) and 

adult eight-week-old (four animals) mice were analyzed 35 days after tamoxifen 

injection. Pancreata were processed with 3D-IHC and immunolabelled for ducts 

(Krt19), β-cells (Ins-GFP) and ductal progeny (tdTomato) followed by confocal 

microscopy. Per pancreas I imaged at least one hundred random islets and 

quantified Ins-GFP-positive and tdTomato-positive cells per islet. I found 0.9% 

tdTomato+Ins-GFP+ cells in the pancreata of five-week-old mice and 1.3% traced β-

cells in eight-week-old mice and thus no significant increase over the background 

recombination (seven days after tamoxifen) of 1.2% (Figure 24B, C).  

Newly formed β-cells might cluster as completely traced de-novo islets or duct-

derived β-cells might be found migrating as single cells to pre-existing islets, as for 

example in the zebrafish (Delaspre et al., 2015). Both would suggest the relative 

enrichment of tdTomato-traced β-cells in small β-cell clusters. I compared the 

relative amount of tracing among β-cell clusters of different size. There were no 

changes in the size of islets harboring traced β-cells compared to control animals 



Chapter 4 Results 

 

125 

 

and I did not detect an increase in single traced β-cells or small clusters (Figure 

24D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 Results 

 

126 

 

 

Figure 24 - No physiological β-cell supply from pancreatic ducts. 
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A) Scheme for duct cell lineage tracing. At least three R26-CAG-tdTomato : Ins-
GFP : Hnf1β-CreERT2 mice per time point were given one intraperitoneal injection of 
100 µg tamoxifen per gram bodyweight and analyzed seven days or 35 days later. 
B) Three-dimensional reconstructions and orthogonal views of representative islets 
of five-week-old or eight-week-old mice, seven days or 35 days after labelling. 
Pancreata were processed with 3D-IHC and immunolabelled for Krt19, tdTomato 
and GFP. Scale bars 50 µm. Scale bar of the three-dimensional reconstruction 
refers to the middle of the z-stack. C) Quantification of relative number of 
tdTomato-traced β-cells per total β-cells. At least 100 random islets were imaged 
and quantified per mouse. Each dot represents average of one mouse. Columns 
were tested with Mann-Whitney U non-parametric test. ns - not significant (p > 
0.05). D) Diagram of the relative number of tdTomato-traced β-cells per islets of the 
indicated size. Each dot represents one islet. Columns of each islet size were 
compared to background label with the Mann-Whitney U non-parametric test. ns - 
not significant (p > 0.05). 
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The presence of β-cells in the lining of pancreatic ducts might suggest their recent 

(postnatal) formation from adult ductal cells. Given their low numbers, duct-lining β-

cells could have been underrepresented in my previous analysis of ductal 

contribution to the overall β-cell mass. In light of my previous observations of β-

cells in the ducts throughout the pancreas, I specifically assessed tracing in Ins-

GFP-positive cells residing in the ductal epithelium. I found no tdTomato-positive β-

cells in any segment of the pancreatic ductal tree as shown here for intercalated 

duct, interlobular duct and the hepato-pancreatic duct (Figure 25A, B, C). This 

implies that these cells were formed before onset of tracing or from a non-

recombined source. 

Together, these results suggest that adult pancreatic duct cells do not continuously 

contribute to the β-cell lineage under organ homeostasis. 
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Figure 25 - No de-novo formation of duct-lining β-cells. 

A) Scheme of tracing strategy. Three eight-week-old R26-CAG-tdTomato : Ins-GFP 
: Hnf1β-CreERT2 mice were given one intraperitoneal injection of 100 µg tamoxifen 
per gram bodyweight and analyzed five weeks later. B) Three-dimensional view of 
pancreatic region with several islets and duct-lining β-cells. Scale bar 100 µm.1-3) 
High magnification optical sections of the indicated areas in B and single channel 
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images. Scale bars 10 µm. 1) Islet with two tdTomato-traced β-cells. 2) Single Ins-
GFP-positive cell surrounded by Krt19-positive tdTomato-traced duct cells in an 
interlobular duct. 3) Single Ins-GFP-positive cell in an intercalated duct. C) Three-
dimensional reconstruction of a region in the hepato-pancreatic duct. Scale bar 100 
µm. C’) High magnification of the demarcated area in C showing Krt19-positive 
tdTomato-traced duct cells and three Ins-GFP-positive cells. Scale bars 50 µm. C’’) 
Orthogonal optical sections of the indicated area in C’ showing tdTomato-negative 
β-cells embedded in the ductal lining and surrounded by traced duct cells. Scale 
bars 10 µm. Scale bar of the three-dimensional reconstruction refers to the middle 
of the z-stack. 
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4.1.3 Acinar cell maintenance and regeneration by the ductal compartment. 

Reminiscent of their progenitor function in the embryo, in the field of pancreatic 

plasticity, adult duct cells are one proposed origin of both endocrine and exocrine 

compartment regeneration. Whilst it has been shown many times that acinar cells 

can transdifferentiate to a duct-like cell in response to tissue damaging insults or 

transforming factors, the question of a physiological or regenerative contribution of 

duct cells to the acinar lineage has remained unresolved (Means et al., 2005, 

Strobel et al., 2007a, Houbracken et al., 2011, Kopp et al., 2012). Whereas one 

study showed a continuous high acinar cell supply from Sox9-positive duct cells, 

others, using the more specific Hnf1β-CreERT2 allelle for duct cell tracing, could not 

find any contribution in homeostasis or upon pancreatic duct ligation-induced 

pancreas damage (Furuyama et al., 2011, Solar et al., 2009). 

To clarify the physiological role of duct cells in acinar cell maintenance, I set out to 

trace the ductal progeny with the efficient and, in respect to acinar cells, reportedly 

specific Hnf1β-CreERT2 allelle. As in my studies on endocrine homeostasis, I aimed 

for a high labelling efficiency and made use of the described R26-CAG-tdTomato : 

Hnf1β-CreERT2 mice (see 3.1.3 The pancreas ductal tree). I subjected eight-week-

old R26-CAG-tdTomato : Hnf1β-CreERT2 mice (at least three mice per time point) to 

a protocol of two tamoxifen injections followed by pancreas dissection and analysis 

after seven days or 35 days (Figure 26A). Pancreata were stained with antisera 

against Krt19, amylase and tdTomato. Per sample, I imaged at least thirty random 

fields that contained on average 0.2 mm3 exocrine pancreatic tissue per view (as 

measured in Imaris by volume reconstruction). Subsequently, Krt19-tdTom+Amy+ 

cells were quantified. In all mice, traced Krt19-negative, amylase-positive cells 

resembled acinar cells in their increased size relative to duct cells and triangular 

shape and were exclusively found connected to ductal centroacinar cells. I 

detected less than four traced acinar cells per mm3 after seven days and on 

average 31 isolated single cells and cell clusters per mm3 35 days after 

recombination in adult eight-week-old mice (Figure 26B, C). To estimate the 

relative contribution to the acinar cell compartment, I calculated the quotient of the 

sum of traced acinar cells per acinar cell mass, which was estimated from the 

volume of imaged exocrine tissue. To this end, I measured the volumes of 50 

single acinar cells by volumetric reconstruction (Imaris). For an average acinar cell 
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volume of 1400 µm3/cell, duct cells in the adult mouse contributed to 0.01% of the 

acinar cell mass. 

 

I hypothesized that the physiological acinar cell supply from a ductal origin should 

be enhanced during natural tissue expansion, for example in young, growing mice. 

Thus I compared the duct-to-acinar contribution in young two-week-old, adolescent 

six-week old and adult eight-week old mice. I treated four two-week-old mice and 

three six-week-old mice with tamoxifen and analysed pancreata after 35 days as 

detailed above. Interestingly, younger animals showed a greater contribution to the 

acinar lineage than adolescent and adult mice, as judged from the relative number 

of tdTomato-traced acinar cells and clusters per volume of imaged exocrine tissue 

(Figure 26B, C). Six-week old mice showed a high variance and more mice need to 

be assessed to be able to statistically compare them with two-week-old and eight-

week-old mice. Together, these findings suggest that the duct-to-acinar cell supply 

observed in young mice declines as the mice mature. 

In light of the observed ductal exocrine plasticity in mice traced at young age, I next 

assessed if acute acinar cell loss could stimulate a facultative duct-to-acinar cell 

supply in adult animals. To specifically damage the acinar compartment, I induced 

acute pancreatitis by a two day treatment of 14 intraperitoneal caerulein injections 

(50 ng per gram bodyweight) in three adult mice, seven days after recombination. 

Such treatment has been shown to induce transient acinar cell death in the mouse 

(Strobel et al., 2007a, Wittel et al., 2008). Four weeks after caerulein, pancreata 

were analysed by three-dimensional confocal microsopy and I observed a 

significant increase in traced acinar cells and clusters per mm3 (Figure 26B, C). 

Together, this suggests a low continuous contribution of adult duct cells to the 

acinar lineage, that can be further stimulated by pancreatitits. 
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Figure 26 - Physiological acinar cell supply from an adult ductal source. 

A) Treatment scheme to trace ductal cells in the young and adult mouse. At least
three R26-CAG-tdTomato : Hnf1β-CreERT2 mice per indicated age were given two
intraperitoneal injections of 100 µg tamoxifen per gram bodyweight and analyzed
seven days (background label) or 35 days later. In three additional eight-week-old
mice, pancreatitis was induced seven days after tamoxifen administration. B)
Three-dimensional views of representative regions from pancreata of mice
recombined at the indicated age. Arrows indicate traced acinar cell clusters. Scale
bars 100 µm, refer to the middle of the z-stack. C) Quantification of tdTomato-
traced acinar cell clusters (touching cells) per volume exocrine tissue (measured in
Imaris by surface reconstruction). Each dot represents average value of one
mouse. Quantifications were compared using Mann-Whitney U non-parametric test.
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ns – not significant (p > 0.05), p-values: background versus 2 weeks, *, p = 0.0286; 
background versus 8 weeks, **, p = 0.0095; 2 weeks versus 8 weeks, **, p = 
0.0095; 8 weeks versus pancreatitis, *, p = 0.0238.  
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Apart from the abundance of isolated traced acinar cells and clusters, mice traced 

at young age had relatively larger duct-derived acinar cell clusters and the size of 

traced acinar cell clusters declined with the age of mice (Figure 27). Interestingly, 

pancreatitis did not only lead to an increase in the number of traced acinar cells 

and clusters, but furthermore to an expansion in cluster size (Figure 27). This could 

be due to enhanced proliferation of de-novo formed acinar cells or it might indicate 

the presence of localized duct cells characaterized by a potential to repeatedly give 

rise to acinar cells through a series of asymmetric cell divisions, thereby forming 

clusters of acinar progeny. Further experiments, for example assessing the 

proliferation of terminal duct cells and de-novo formed acinar cells, are necessary 

to understand this observation. 
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Figure 27 – Age-dependent expansion of duct-derived acinar cells. 
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A) Treatment scheme to trace ductal cells in the young and adult mouse. At least 
three R26-CAG-tdTomato : Hnf1β-CreERT2 mice per indicated age were given two 
intraperitoneal injections of 100 µg tamoxifen per gram bodyweight and analyzed 
seven days (background label) or five weeks later. In three additional eight-week-
old mice, pancreatitis was induced seven days after tamoxifen administration. B) 
Representative tdTomato-traced acinar cell clusters from a two-week-old mouse. 
Left column: Three-dimensional views with the indicated number of traced cells per 
cluster. Scale bars 50 µm, refer to the middle of the z-stack. Right columns: 
Orthogonal views as indicated for the clusters shown left. Single channel images 
for tdTomato, amylase and Krt19. Scale bars 30 µm. C) Quantification of clusters of 
the indicated number of directly touching tdTomato-traced acinar cells. Values from 
at least three mice per condition are plotted. Cluster sizes and numbers were 
compared for background label versus two week and versus eight week, for two 
week versus eight week, as well as for eight week versus pancreatitis using Mann-
Whitney U non-parametric test. Table shows the resulting p-values. 
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In the adult pancreas expression of amylase is thought to be strictly exclusive to 

acinar cells, hence its common use as acinar cell marker (Cockell et al., 1989, 

Reichert et al., 2013, Cendrowski et al., 2015). To my surprise, in my 

characterization of the ductal system I found rare cells in the hepato-pancreatic 

duct epithelium that were positive for amylase (Figure 28A). These cells were not 

positive for the acinar fate determinant Mist1 or the acinar cell marker MAP Kinase 

Interacting Serine/Threonine Kinase 1 (Mnk1), but I found co-positivity for the 

acinar enzyme CPA and the acinar cell marker Peanut Agglutinin (PEA) (Figure 

28A, B). Interestingly, these cells were additionally positive for the duct cell markers 

Krt19, Hnf1β, and Sox9 (Figure 28B). To further assess their ductal nature, I 

analyzed the hepato-pancreatic ducts of four R26-CAG-tdTomato : Hnf1β-CreERT2 

mice two days after recombination. Amylase and Krt19-double-positive cells were 

traced for tdTomato, in line with the Hnf1β positivity observed by immuno-staining, 

suggesting ongoing Hnf1β expression (Figure 28C). 

  

Dying cells can lose the barrier function of their cell membranes, and positivity for 

exocrine enzymes could be argued to result from pancreatic juice penetrating the 

cells (Elmore, 2007). I analysed Amy+Krt19+ cells for active cleaved caspase 3, an 

indicator of apoptosis, but found all cells negative. In contrast, some Amy+Krt+ cells 

had entered the cell cycle as judged from phospho-histone H3 positivity (Figure 

28D).  
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Figure 28 - Acinar-like cells in the hepato-pancreatic duct. 

A) Co-staining for acinar cell and duct cell marker proteins in peribiliary glands and 
control acinar tissue of paraffin-embedded and sectioned pancreata (five mice). 
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Arrows indicate amylase-positive ductal cells in the peribiliary glands. Star 
demarcates ductal lumen. Scale bars 10 µm. B) Co-stainings for amylase and 
markers of acinar cells and duct cells on paraffin-embedded and sectioned hepato-
pancreatic ducts from five mice. Ductal lumen is in the top of the image and 
basement membrane at the image bottom. Scale bars 10 µm C) Four adult R26-
CAG-tdTomato : Hnf1β-CreERT2 mice were given one intraperitoneal injection of 100 
µg tamoxifen per gram bodyweight and analyzed seven days later by 3D-IHC and 
staining for amylase and tdTomato and Krt19. Three-dimensional view showing 
amylase-positive cells in the peribiliary glands. Optical sections and single channel 
images for the indicated area are shown below. Scale bars 20 µm. Scale bar of the 
three-dimensional reconstruction refers to the centre of the z-stack. D) Stainings for 
cleaved caspase 3 (aCasp3) and phosphorylated (Ser10) histone H3 (pH3) on 
amylase-positive cells on paraffin-embedded and sectioned hepato-pancreatic 
ducts from three mice. Ductal lumen is in the top of the image and cell basement 
membrane at the image bottom. Scale bars 10 µm. 
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To address the role of the hepato-pancreatic duct in a situation of exocrine injury, I 

treated mice with caerulein to induce acute pancreatitis. I harvested hepato-

pancreatic ducts and pancreata on days 0, 4 and 7 after the last caerulein injection 

and from at least four mice per time point (Figure 29A). I found a significant 

increase in the relative number of amylase-positive cells in the hepato-pancreatic 

duct seven days after caerulein (Figure 29B, C). 

 To address if the hepato-pancreatic duct has a secretory function (secreting 

exocrine enzymes), I induced acute pancreatitis and isolated hepato-pancreatic 

ducts, livers and pancreata of at least six mice seven days after the last caerulein 

injection. Ducts were flushed with PBS and all tissues incubated in serum-free cell 

culture medium for 30 minutes. The supernatant was then analyzed for enzymatic 

amylase activity (Abcam colorimetric amylase assay kit). Amylase was detected in 

the supernatants of pancreas and hepato-pancreatic ducts, but not the liver (Figure 

29D). I remains to be addressed if the hepato-pancreatic duct, similar to mature 

acinar cells, is responsive to in vitro stimulation, for example evoked by caerulein, 

of exocrine secretion. Together these results indicate an unprecedented exocrine 

function of the hepato-pancreatic duct.  

In light of the maintained duct cell characteristics and absent nuclear localization of 

the acinar transcription factor Mist1, the question arose if amylase positive hepato-

pancreatic duct cells could be traced in vivo by acinar cell specific Cre strains, 

which would offer a valuable tool in the study of these cells. The Ela1-CreERT2 line 

is reported to recombine specifically in pancreatic acinar and not duct cells, 

although it is not clear if recombination has ever been assessed in the hepato-

pancreatic duct, which is relatively small in comparison with the rest of the 

pancreas (Desai et al., 2007). I intercrossed Ela1-CreERT2 with R26-CAG-tdTomato 

mice and subjected six mice of the progeny to five tamoxifen injections, which 

labeled 40% acinar cells. However, no tracing was observed in the hepato-

pancreatic ducts. I argued that in light of the overall low recombination efficiency, 

acinar-like cells in the hepato-pancreatic duct might be too rare and escape 

recombination. To increase the number of acinar-like cells, I treated four R26-CAG-

tdTomato : Ela1-CreERT2 mice with caerulein followed by three injections of 

tamoxifen before analyzing hepato-pancreatic ducts seven days after caerulein. 

The hepato-pancreatic ductal epithelium of all four mice contained 1% to 5% 

tdTomato-positive cells, confirming their acinar-like character (Figure 29E). 
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However, the overall number of traced cells was low, which could be due to the 

reduced amount of tamoxifen injections, the treatment schedule, or might hint at a 

heterogeneity amongst duct cells to express acinar enzymes. 
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Figure 29 - Amylase secretion by the hepato-pancreatic duct in pancreatitis. 

A) Treatment scheme to induce pancreatitis in adult mice. At least four eight-week-
old animals were subjected to 14 intraperitoneal caerulein injections (50 ng per 
gram bodyweight per injection) over two days. Hepato-pancreatic ducts were 
analyzed at the indicated timepoints. B) Representative images taken with a slide 
scanner (Zeiss) of amylase-stained paraffin-embedded hepato-pancreatic ducts of 
healthy control and seven days after induction of pancreatitis. Arrows indicate 
peribiliary glands. Star demarcates lumen of the hepato-pancreatic duct. Scale bars 
100 µm. High magnification of the delineated area is shown on the right. Scale bars 
50 µm. C) Quantification of the relative number of amylase-positive cells per total 
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number of duct-lining cells in the hepato-pancreatic duct. Each dot represents one 
mouse. Averaged values were compared for the indicated conditions with Mann-
Whitney U non-parametric test. ns – not significant. D) Amylase secretion assay. 
Mice were treated as in A and hepato-pancreatic ducts, livers and pancreata 
harvested seven days after induction of pancreatitis. Tissues were incubated in 
serum-free cell culture medium for 30 minutes. Supernatant was depleted of cells 
by centrifugation and measured for amylase activity in an enzymatic colorimetric 
assay. Each dot represents one sample. E) Three R26-CAG-tdTomato : Ela1-
CreERT2 mice were given 14 intraperitoneal caerulein injections (50 ng per gram 
bodyweight per injection) over two days to induce pancreatitis. After one day, mice 
received three daily intraperitoneal injections of 100 µg tamoxifen per gram 
bodyweight and were analyzed at day seven after caerulein. Left: Three-
dimensional view of a hepato-pancreatic duct. Arrows indicate tdTomato positive 
cells. Scale bar 100 µm. Right: High magnification of a tdTomato-traced cell in the 
duct lining. Scale bar 10 µm. Star demarcates ductal lumen. Scale bars of the 
three-dimensional reconstructions refer to the centre of the z-stack. 
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The finding of acinar-like ductal cells is unprecedented and adds to the little-

understood complexity of the relationships of acinar cells, acinar-derived duct-like 

cells and duct cells. Research on these cell populations would benefit from an 

acinar-specific reporter line that could be used to isolate and compare acinar cells 

and their relatives in the normal and diseased pancreas. To this end, with the help 

of the institute’s transgenics services facility, I generated a mouse model, which 

harbours a nuclear-targeted GFP variant, monomeric Turquoise (mTq), in exon 1 of 

the elastase 1 (Ela1) gene locus, which is reportedly active in pancreas acinar cells 

but not ducts or endocrine lineages (Figure 30A) (Desai et al., 2007). I identified 

successful integration of the targeting construct (Gene Bridges) in electroporated 

embryonic stem (ES) cells by Southern screening (Figure 30B). Integrated copy 

number was then estimated by quantitative reverse transcription (RT)-PCR with 

DNA from wildtype, heterozygous and homozygous mouse fibroblasts from another 

strain as controls (Figure 30C). Eventually, two clones were chosen for blastocyst 

injection and both gave rise to germline transmitting chimeric mice. Through 

subsequent breeding with wildtype mice, a colony of Ela1-mTq 

(Cela1tm1(Cela10mTurquoise)Axbe) mice was established.  
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Figure 30 - Generation of the Ela1-mTq mouse strain. 

A) Targeting strategy to introduce monomeric Turquoise (mTq) fused to a nuclear 
histone H2A localization signal in exon 1 of the Elastase 1 gene (Ela1). The 
targeting construct contained a loxP flanked cassette for phosphoglycerate kinase 
1 (PGK)-driven resistance to neomycin (NeoR) and kanamycin (KanR) to allow for 
selection of embryonic stem (ES) cells. Successful integration results in an altered 
restriction pattern upon DNA digest with the endonuclease BspH1 (11.2kb to 

A

B

Ela1-mTq

5’SP 3’SP

BspHI BspHI

11.2 kb

8.8 kb

 wildtype locus

exon 1

ATG

BspHI

targeted locus

FSF-NeoR

ATG

+5 kb-4.5 kb

mTq

BspHI

exon 1  remaining 

exon 1

5’ 4.5 kb homology arm

exons 2 3 4 5

3’ 5.0 kb homology arm

targeting vector

NeoR/KanRmTurquoise2-H2A SV40pA

PGK promoter

loxPloxP

5’SP

BspHI

-4.5 kb

3’SP

+5 kb
probe

probe

polyA

    wt 1  2  3  4  5  6  7   8  9

C

0

1

2

3

4

no
rm

al
iz

ed
 fo

ld
 c

ha
ng

e 
(r

el
at

iv
e 

to
 h

et
er

oz
yg

ou
s)

1

h
o
m

o
h
e
twt 98765432



Chapter 4 Results 

 

147 

 

8.8kb). A 500 nucleotide probe was designed to anneal between the 3’ homology 
arm and BspH1 restriction site to allow for Southern screening of targeting 
construct integration. B) Southern screening with the probe described in A gave a 
single band for wildtype (wt) ES cell DNA (arrowhead) and a second lower band 
(arrow) for some of the ES cell clones that received injection of targeting construct 
and selection (1 to 9). C) Quantitative RT-PCR to assess integration number of the 
targeting construct. PCR was performed for NeoR and JunD (internal control) with 
DNA from wildtype, control heterozygous (one NeoR copy) and homozygous (two 
NeoR copies) adult mouse fibroblasts of another mouse colony and the targeted 
ES-cells. NeoR values were normalized to JunD and subsequently to the 
heterozygous control. Values are represented as ΔΔCt. Red colour indicates ES-
cell clones used for subsequent blastocyst injection and generation of chimeric 
mice. 
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The progeny was genotyped with probes against neomycin and GFP (Transnetyx), 

and pancreata of five mice were analyzed to evaluate the Ela1-mTq mouse model. 

To allow for an assessment of endogenous fluorescence, two pancreata were 

subjected to passive clarification with the CUBIC protocol (see 3.1.2 A technique 

for rapid interrogation of intact organs) for two weeks, counterstained for DNA and 

analyzed by confocal microscopy. More then 50% of pancreatic cells emitted a 

strong nuclear fluorescent signal at 490 nm when excited with 430 nm light, in line 

with the reported characteristics of mTurquoise protein (Figure 31A) (Goedhart et 

al., 2010). The three remaining pancreata were subjected to 3D-IHC and stained 

with antisera against GFP, amylase and Krt19. The GFP antibody detected a 

nuclear epitope in more than 90% of amylase-positive cells (Figure 31B). 

Importantly, all non-acinar cells were GFP negative. I concluded that the Ela1-mTq 

mouse efficiently labels acinar cells. 
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Figure 31 - Acinar cell labelling in the Ela1-mTq mouse. 

Α) Three-dimensional view of pancreas cleared and labelled for DNA with 
propidium iodide (PI) showing cells with nuclear turquoise fluorescence. Scale bar 
100 µm. A’) Optical orthogonal sections of A showing high calibre duct (arrow), 
intercalated duct (arrow head) and islet (dotted outline) negative for mTq. Scale bar 
100 µm. B) Three-dimensional reconstruction of pancreas stained for amylase, 
Krt19 and mTq (with a GFP antibody). Scale bar 100 µm. B’) Optical section 
through the indicated area in B and single channel images showing absent mTq in 
ducts, and mTq-positive acinar cells. Scale bar 50 µm. B’’) Orthogonal sections 
through the duct in B’. Scale bar 50 µm. Scale bars of the three-dimensional 
reconstructions refer to the centre of the z-stack. 
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4.2 Discussion: A minor role of duct cells in adult pancreas 
homeostasis. 

 

4.2.1 No β-cell neogenesis fom ducts in the adult pancreas. 

The identification of adult tissue stem cells and differentiated cells with a facultative 

potential to transdifferentiate receives immense interest from research in 

regenerative medicine, with the aim to employ those cells in the repair of damaged 

organs, such as the destruction or functional exhaustion of β-cells in diabetes. 

Apart from exogenous cell replacement, current stem cell research is attempting an 

alternative: to activate tissue-resident stem cells in the patient to replenish β-cell 

mass (Weir et al., 2011). The use of the pancreatic ductal epithelium has been 

debated as a β-cell source in the adult pancreas. Importantly, duct cells would not 

only be an attractive source for non-invasive β-cell neogenesis, but furthermore for 

cell replacement therapy, since they can be cultured and expanded in vitro (Huch 

et al., 2013). However, studies in recent years challenged the potential of duct cells 

to transdifferentiate into β-cells as the ductal lineage did not give rise to endocrine 

progeny under physiological conditions or after experimentally induced β-cell loss 

(Furuyama et al., 2011, Kopp et al., 2011, Solar et al., 2009). In line with those 

studies, I found no ductal contribution to the β-cell mass in adult mice.  

One of the reasons for the assumption of adult duct-to-β-cell transdifferentiation 

has been the finding of β-cells in the ductal lining, and previous lineage tracing 

studies did not extend their analysis to those cells (Bonner-Weir et al., 2010). With 

the help of three-dimensional whole pancreas imaging, I confirmed the ductal 

localization of a small population of β-cells. However, I was not able to trace those 

duct lining β-cells despite at least 90% labeling efficiency in the surrounding ductal 

epithelium. Together, my findings argue against physiological duct-to-β-cell 

transdifferentiation.  

In light of previous and my own findings, ductal contribution to β-cells in the 

unchallenged adult pancreas would be expected to be low, if present, and the 

relatively short tracing period of 35 days following tamoxifen injection might not be 

sufficient to detect a significant number of newly formed duct-derived cells in the β-
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cell population. Thus, the assessment of longer time points is necessary to clarify 

the role of duct cell in maintenance of the endocrine compartment. Furthermore, 

the possibility of β-cell-loss-induced activation of an as yet unidentified duct cell 

progenitor was not tested in my studies. Several damage models, such as 

pancreatic duct ligation, pancreatectomy and alloxan or STZ-evoked β-cell 

depletion, exist that differ in their etiology of β-cell-loss and should be employed to 

rigorously query the role of duct cells in the adult pancreas.  

It has been shown that a small sub-population of duct cells has the potential to 

reprogram to functional β-cells upon genetic manipulation or cytokine stimulation in 

vivo (Sancho et al., 2014, Zhang et al., 2016). This finding has raised questions 

about the nature of these cells and the cellular heterogeneity of the ductal 

compartment. The recently developed techniques of single cell transcriptome 

analysis will be of great help in identifying duct cell variants that maintain a relevant 

plasticity in the adult pancreas (Liu and Trapnell, 2016, Wen and Tang, 2016). In 

complementation of transcriptome profiling, 3D-IHC offers a way to locate this sub-

population in the ductal tree and to assess its microenvironment. The different 

characteristics of distinct segments of the ductal tree, for example the amount of 

ductal stroma or the expression of the progenitor markers Pdx1 and Hes1 in the 

hepato-pancreatic duct and pancreatic duct glands, might hint at the presence of 

distinct niches with the potential modulation of duct cell plasticity (see 3.1.3 The 

pancreas ductal tree) (Strobel et al., 2010, Dipaola et al., 2013, Yamaguchi et al., 

2015).  

Several studies propose the existence of bile duct progenitor cells residing in the 

epithelium of the hepato-pancreatic duct and the peribiliary glands, that give rise to 

β-cells in vitro and in vivo upon STZ-induced experimental diabetes (Cardinale et 

al., 2011, Carpino et al., 2012, Carpino et al., 2016a). The extrahepatic biliary tree, 

which arises from the same embryonic region as the ventral-pancreatic rudiment, 

has been shown to generate β-cells during development (see also 1.2.1 

Specification of the pancreatic domain) (Sumazaki et al., 2004, Eberhard et al., 

2008). Furthermore, the adult extrahepatic biliary tree naturally contains duct-lining 

β-cells (Dutton et al., 2007) (my own findings). However, in my studies these cells 

could not be traced from an adult ductal source, suggesting their origin before 

onset of the tracing experiment or from a non-ductal progenitor. Future experiments 

that trace duct cells in the diabetic pancreas are needed to clarify if the hepato-
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pancreatic duct has a facultative potential for the de novo generation of functional 

β-cells. 

 

 

4.2.2 Exocrine plasticity of pancreatic ducts. 

Whilst the study of pancreas plasticity has been focused on the regeneration of the 

endocrine compartment, controversial evidence suggests that duct cells might also 

regenerate acinar cells upon tissue damaging insults (Solar et al., 2009, Furuyama 

et al., 2011). To complement these previous findings, I traced duct cells in the adult 

homeostatic pancreas and quantified their traced acinar progeny. 

I found a continuous supply of acinar cells from a ductal origin in eight-week-old 

mice (Figure 32). I estimated that 0.01% of acinar cells was formed de novo in the 

adult mouse. Whilst this approximation is likely an underestimate, as it did not 

account for the heterogenous cellular composition of the measured exocrine tissue 

volume, which contains not only acinar cells, but also duct cells, blood vessels and 

nerves, it suggests the physiological rate of duct-to-acinar transdifferentiation is low. 

Indeed, a previous study that traced only 65% of the ductal lineage with the Hnf1β-

CreERT2 strain could not find any contribution from duct cells to the acinar 

compartment, thus highlighting the importance of a high labelling efficiency in the 

assessment of cell lineage plasticity (Solar et al., 2009).  

Interestingly, pancreatitis stimulated the duct-to-acinar contribution, suggesting a 

role of the ductal epithelium in acinar regeneration, and it will be interesting to 

assess other damage models, such as pancreatic duct ligation and pancreatectomy, 

to understand the full potential of the ductal epithelium to give rise to acinar cells. In 

particular partial pancreatectomy of varying extent would allow to correlate the 

duct-derived acinar cell supply with the extent of inflicted exocrine damage and 

would be informative in the quantification of duct cell plasticity. 

The location of traced acinar cells, always adjacent to centroacinar cells, indicates 

their descent from terminal duct cells. It is unclear if the de novo formation of acinar 

cells involves transdifferentiation of duct cells or if it results from asymmetric duct 

cell division. To this end, the clonality of terminal duct cells and adjacent acinar 

cells should be assessed, for example by stochastically driven multi-colour lineage 
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tracing with a R26-Confetti : Hnf1β-CreERT2 mouse model (Livet et al., 2007). The 

isolated occurence of labelled acinar cells would indicate transdifferentiation, 

whereas clones of heterogenous duct and acinar cell composition would argue for 

a ductal progenitor cell with the plastic potential to maintain both duct and acinar 

cells. The same experiment, in combination with assessment of acinar and duct cell 

proliferation, could additionally explain the origin of traced acinar cell clusters 

observed in mice traced at young age or during pancreatitis. 

In line with my results on the exocrine plasticity of terminal duct cells, centroacinar 

cells, which are terminal duct cells located in the centre of an acinus, have been 

suggested to be enriched for a multipotent ductal progenitor population, marked by 

high expression of Aldehyde Dehydrogenase 1 Family Member A1 (ALDH1A1) 

(Rovira et al., 2010). Their relationship with duct cells of other segments in the 

ductal tree remains to be investigated and lineage tracing experiments, currently 

hardly feasible due to the lack of a marker gene uniquely expressed in terminal 

duct cells or centroacinar cells, are necessary to fully comprehend the proposed 

terminal duct cell plasticity.  

Apart from the significance of adult duct cell plasticity for regenerative sciences, the 

identification of a plastic exocrine progenitor located at the tips of the ductal tree is 

of interest to pancreatic cancer research. Several precursor lesions of pancreatic 

ductal adenocarcinoma (PDAC) have been shown to arise from duct or acinar cells 

at this terminal position (Guerra et al., 2007, Aichler et al., 2012, Kopp et al., 2012). 

A better understanding for the cell-intrinsic and environmental factors enabling this 

possibly locally restricted plasticity, could contribute to the understanding of 

pancreatic tumourigenesis. 

 

In addition to terminal duct cells, I identified an unexpected exocrine (enzyme 

secreting) function of the hepato-pancreatic duct. In response to pancreatitis, this 

duct adopted an acinar-like functionality as indicated by the expression of acinar-

cell enzymes, amylase secretion and genetic labelling with help of the acinar cell-

specific Ela1-CreERT2 mouse model. Further, quantitiative, experiments on the 

coexpression of acinar marker genes and enzymes are needed to better 

characterize the acinar-like properties of hepato-pancreatic duct cells. For example, 

the Ela1-mTq allelle, which labels acinar cells more efficiently then the Ela1-CreERT2 

mouse model, should be assessed as a potential marker of acinar-like duct cells by 
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co-staining with amylase on hepato-pancreatic ducts. It remains to be seen if all 

amylase-secreting duct cells share the same character or if duct cells adopt acinar-

like fates to varying degrees, which the low recombination of the Ela1-CreERT2 

mouse model in the hepato-pancreatic duct, only present after experimentally 

induced panreatitis, might be indicative of. If expressed in the hepato-pancreatic 

duct, the Ela1-mTq allelle could be used to assess the acinar-like character of the 

hepato-pancreatic duct by isolation and single-cell transcriptome profiling.  

The acinar-like cells in the hepato-pancreatic duct, albeit positive for several acinar 

enzymes and markers, had ductal characteristics and it remains to be studied if this 

duct-acinar-intermediate is temporary or how this unique population changes over 

time and to what degree it is affected by the resolution of pancreatitis (Figure 32). 

Apart from detailed time point analyses, this could potentially be addressed by in 

vitro live imaging of Ela1-mTq hepato-pancreatic ducts by tissue slice culture 

(Marciniak et al., 2013, Marciniak et al., 2014). 

The ongoing expression of duct fate determinants in acinar-like duct cells, in 

particular of Sox9, which has been shown to suppress acinar fate and induce 

acinar-to-ductal metaplasia when overexpressed in acinar cells, raises the question 

for the underlying transcriptional circuits permitting and instructing acinar-like cell 

functionality (Kopp et al., 2012). The transcriptional control remains to be studied, 

in particular the role of Ptf1a, an initiating transcription factor in acinar cell 

specification that positively regulates expression of the CPA, Ela1 and further 

zymogen genes, needs to be assessed, for example by comparative transcriptional 

studies on acinar cells, duct cells and acinar-like duct cells (Beres et al., 2006).  

Interestingly, the high numbers of acinar-like cells in the hepato-pancreatic duct of 

caerulein-treated mice were detected already seven days after onset of pancreatitis, 

and this might suggest an emergency exocrine pancreatic function of the duct upon 

sudden acinar cell loss. Unfortunately, in absence of a marker gene specifically 

expressed in the hepato-pancreatic duct, there is no mouse model that could be 

employed to specifically challenge this emergency response, for example by R26-

DTR mediated ablation of acinar-like duct cells, without effecting other pancreatic 

epithelia, and thus the significance of the acinar-like functionality can not be fully 

comprehended yet. 

My results do not rule out the presence of acinar-like cells in other ducts of the 

pancreas and quantitative comparative analyses are needed to assess if this 
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exocrine potential is restricted to the hepato-pancreatic duct, or if in the presence of 

regenerative stimuli, other segments of the pancreas ductal tree can give rise to 

acinar-like cells. 

 

Apart from its value to the planned experiments on the nature of the hepato-

pancreatic duct, the newly generated Ela1-mTq mouse offers a valuable tool for the 

study of acinar cells and acinar-like duct cells. As an acinar fate reporter, it will not 

only aid the detection, but also the isolation of acinar-like cells and thereby facilitate 

on going research on the relationship between duct and acinar cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32 - Plasticity of the adult pancreas. 

Scheme incorporating the results of this thesis into the current view on adult 
pancreas plasticity. Whilst duct cells do not give rise to β-cells in the unchallenged 
pancreas, there is a constant low supply of duct-derived acinar cells (red arrow). 
Furthermore, an acinar-like ductal cell population in the hepato-pancreatic duct was 
described (red arrow). It remains to be investigated if the acinar functionality of 
these cells is of temporary nature or if these cells represent a distinct cell 
population.  
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Chapter 5. Results 3 

5.1 PDAC morphogenesis. 

5.1.1 Introduction  

Pancreatic ductal adenocarcinoma (PDAC) is the predominant form of pancreatic 

cancer and characterised by an extremely poor prognosis (Malvezzi et al., 2015, 

Siegel et al., 2016). Despite tremendous treatment efforts, patient mortality remains 

alarmingly high. Due to the unspecific symptoms of its progression, PDAC is 

usually detected at a late stage when the tumour has become unresectable. In 

contrast, early detection is associated with a relatively favourable 5-year survival 

rate of almost 30% (Siegel et al., 2016). Thus, an improved understanding of the 

initial events in PDAC tumourigenesis is fundamental for the development of 

propitious strategies for the early detection and treatment of PDAC.  

Dedicated research has provided us with a wealth of knowledge about the genetic 

landscape and the molecular biology of PDAC. Almost all PDAC patients present 

activating KRAS mutations, and inactivation of TP53, SMAD4 and CDKN2A are 

found in more than half of PDAC biopsies (Waddell et al., 2015). Furthermore, 

twelve core signalling pathways, altered in up to 100% of human pancreatic 

cancers, have been described and these comprise, amongst others, Kras signalling, 

integrin signalling (including alterations of integrins ITGA4, ITGA9, ITGA11) and the 

regulation of G1/S phase transition (including alterations of CDKN2A and FBW7) 

(Jones et al., 2008). The activation of oncogenic Kras with concomitant inactivation 

of a tumour suppressor gene, such as p53 or Fbw7, in the mouse pancreas has 

been shown to induce pancreatic transformation culminating in PDAC. 

Human data and analyses of GEM models of pancreatic cancer suggest a 

progression via distinct pre-neoplastic lesions: Pancreatic Intraepithelial Neoplasia 

(PanIN), Intraductal Papillary Mucinous Neoplasm (IPMN), Intraductal 

Tubulopapillary Neoplasm (ITPN), Mucinous Cystic Neoplasm (MCN) and Atypical 

Flat Lesion (AFL) (Hruban et al., 2006, Aichler et al., 2012, Guerra and Barbacid, 

2013, Zamboni et al., 2013). The different types of pre-neoplastic lesions could be 

due to different genetic alterations or might hint at a different cell of origin. In the 

mouse both acinar and duct cells can give rise to PDAC. Acinar cells adopt duct 
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cell-like characteristics by acinar-to-ductal metaplasia (ADM) and subsequently 

progress to PDAC through mucinous PanIN pre-neoplastic lesions (Guerra et al., 

2007, Kopp et al., 2012). In contrast, duct cells form intratubular lesions of papillary 

architecture (Ferreira et al., manuscript submitted). Other PDAC precursor lesions, 

such as MCN and AFL have been described in embryonic mouse models of 

pancreatic cancer, but their adult cell of origin remains to be identified (Izeradjene 

et al., 2007, Aichler et al., 2012).   

Regardless of its origin from both duct and acinar cells, PDAC is a histological 

entity that presents as an aggregate of tubular ductal structures lined by tumour 

cells positive for duct cell markers such as Hnf1β and Krt19 (Hamilton and 

Aaltonen, 2000). Indeed, several studies using GEM models reported that different 

pre-neoplastic lesions culminate in PDAC of indistinguishable morphological 

features (Bardeesy et al., 2006b, von Figura et al., 2014).  

Cancer is a disease of abnormal molecular signalling. Consequently, research 

routinely focuses on the biochemical properties of the disease. However, tumours 

also harbour a commonly disregarded three-dimensional component. Recent work 

suggests the physical forces shaping a tumour also modulate the molecular 

networks driving cancerogenesis. Similarly the tumour biochemical dimension 

exerts an effect on the lesion morphology (Paszek et al., 2014, Rubashkin et al., 

2014, Laklai et al., 2016). While it is becoming increasingly evident that the 

molecular and the physical properties of cancer complement each other, the 

implementation of biophysical laws in the biology of pancreatic cancer has not been 

endeavoured yet. Here, I wished to assess pancreatic tumourigenesis by acinar 

and duct cells with particular focus on the morphological events guiding lesion 

formation. This descriptive study is the basis for ongoing experiments aiming to 

shed light on the biophysical principles and molecular mechanisms underlying 

PDAC development from acinar and duct cells. 
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5.1.2 Tubular and globular lesions in models of embryonic genetic and adult 

carcinogen-induced tumourigenesis. 

The LSL-KrasG12D : P53 F/F : Pdx1-Cre (KPC) mouse model combines oncogenic 

KrasG12D activation with loss of the tumour suppressor p53 in the embryonic 

pancreas and is the most frequently used GEM model in the study of pancreatic 

cancer. This model has been shown to give rise to ADM and PanIN and 

subsequently invasive carcinoma (Rhim et al., 2012). Tumour initiation in the KPC 

model begins in the developing pancreas that is still expanding and does not fully 

resemble the quiescent adult organ. In our hands, first PanIN lesions are 

identifiable at around two weeks of age and tumour progression is rapid 

(unpublished). I first assessed two six-week-old KPC mice and found large, 

densely-packed Krt19-positive tubular structures that at parts appeared to have a 

disrupted basement membrane as judged from Krt19-positive basally protruding 

cells (Figure 33A). These characteristics resembled invasive carcinoma. I then 

analysed eight three-week-old KPC mice, in order to assess preneoplastic lesions, 

by comparative histology of paraffin-embedded sectioned pancreata and three-

dimensional interrogation (Figure 33B, C). At three weeks of age, pancreata 

presented multiple Krt19-positive globular structures. Histochemical analysis by 

alcian blue/periodic acid–Schiff (AB/PAS) staining unveiled the mucinous character 

of some of these lesions, indicating their resemblance of mucinous PanIN (Figure 

33B2, C). Additionally, I detected aberrant ducts by three-dimensional imaging. 

These were composed of columnar Krt19-positive cells with expanded nuclei and 

presented abundant structural deformations, such as invaginations into the ductal 

lumen (Figure 33B1). The different lesion morphologies and histological 

characteristics observed might be due to different stages in lesion progression or 

could reflect distinct cellular origins. 
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Figure 33 - Lesion morphologies in a model of embryonically induced PDAC. 

A) Three-dimensional view of Krt19-stained pancreas from a six-week-old KPC
mouse presenting PDAC. Scale bar 200 µm. A’) Optical section of A showing
Krt19-positive back-to-back tubules and local basal infiltration (arrowheads) Scale
bar 100 µm. Insert shows magnification of basally protruding cells. Scale bar 20
µm.  B) Three-dimensional reconstruction of Krt19-stained pancreas from a three-
week-old KPC mouse with multiple lesions. Scale bar 300 µm. 1) High
magnification of the indicated area in B showing aberrant duct. 1’) optical section
through the indicated area in 1 showing deformed ductal epithelium and columnar
cells with nuclear expansion. 2) High magnification of the indicated area in B with a
globular lesion. 2’) optical section through the demarcated area in 2. Scale bars 50
µm. C) Hematoxylin-eosin (HE) and alcian blue/periodic acid Schiff (AB/PAS)
staining on consecutive sections of paraffin-embedded pancreas from a three-
week-old KPC mouse showing mucinous (AB/PAS-positive) (arrowheads) and non-
mucinous (AB/PAS-negative) lesions. Scale bars 100 µm. Scale bars of three-
dimensional reconstructions refer to the centre of the z-stack.
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To assess if the different lesions also occur in the adult transformed pancreas, I 

sought to induce tumourigenesis in both adult acinar and duct cells of the adult 

pancreas. To this end, I induced PDAC with the help of a carcinogen, 7,12-

dimethylbenz(a)anthracene (DMBA), through intrapancreatic delivery into the 

splenic lobe via surgery (Osvaldt et al., 2006). I analysed four mice between two 

and three months after DMBA administration. Whilst the duodenal lobe of the 

pancreas appeared normal, the splenic lobe presented Krt19-positive globular 

lesions (see below) as well as rarely deformed high-calibre ducts, similar to the 

lesions observed in the KPC model. In addition, two of the mice that were analysed 

after three months, contained a localized region that resembled PDAC (Figure 34 A, 

B). 

Interestingly, all lesions were directly connected to nearby ducts by Krt19-positive 

epithelium. Given that tumours are the result of uncontrolled cell expansion with 

little restriction to wildtype architecture, this observation suggested that either all 

lesions had their origin in the ductal system or that transformed acinar cell growth 

occured in contact with pre-existing ducts. The precise mechanism of DMBA-

induced transformation in the pancreas is not known, and I hypothesized that the 

drug might have similar transforming effects on both acinar and duct cells. Thus, to 

assess the contribution of the ductal epithelium to lesion formation, I repeated the 

DMBA-induced tumourigenesis experiment with duct cell-traced mice. To this end, 

R26-mTmG : Hnf1β-CreERT2 mice were treated with three intraperitoneal tamoxifen 

injections one week before receiving the intrapancreatic DMBA implant. The R26-

mTmG allele encodes a membrane targeted RFP protein, which is exchanged for 

expression of membranous GFP by Cre mediated recombination (Muzumdar et al., 

2007). I analyzed three mice two months after DMBA delivery. As before, the mice 

presented numerous globular Krt19-positive lesions. Specifically, I found small 

GFP-positive globular lesions at the endings (terminal ducts) of the ductal tree, 

suggesting centroacinar cell expansion, as well as bigger GFP-positive globular 

lesions connected to intralobular ducts (Figure 34 C, E). Several, though not all, 

lesions were GFP positive, indicating their ductal origin (Figure 34 E, F). The 

incomplete tracing of globular lesions suggested that both acinar and duct cells 

might be able to give rise to globular lesions. To better understand formation and 

progression of duct- and acinar-derived lesions, I next sought to exclusively induce 

transformation in the acinar parenchyma or in ducts. 
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Figure 34 - Morphology of DMBA-induced pancreatic cancer. 

A) Three-dimensional view of lesion resembling focal PDAC of a wildtype mouse
three months after DMBA implant. Scale bar 200 µm. A’) Optical section of A
showing Krt19-positive back-to-back tubules of variable size. Scale bar 100 µm. B)
Three-dimensional reconstruction of transformed duct of a wildtype mouse two
months after DMBA implant. Scale bar 200 µm. B’) Optical section through the
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indicated area in B showing columnar, Krt19-positive epthelium with numerous 
indentations of the ductal wall into the ductal lumen (stars). Scale bar 100 µm. C) 
Three-dimensional view of ductal endings of a recombined R26-mTmG : Hnf1β-
CreERT2 mouse two months after DMBA implant. Staining for GFP and Krt19 
showing globular (dotted line) structures at the ductal tips. Scale bar 50 µm. C’) 
High magnification of the indicated area in C. See D for comparison. D) Normal 
ductal ending as single centroacinar cells in the untransformed pancreas. Three-
dimensional view of cells of a control R26-CAG-tdTomato : Hnf1β-CreERT2 mouse, 
which had not received DMBA implant. Scale bars 10 µm. E-F) Three-dimensional 
views of representative pancreatic regions of a recombined R26-mTmG : Hnf1β-
CreERT2 mouse two months after DMBA implant. Staining for GFP and Krt19. E) 
GFP-traced, Krt19-positive globular (dotted line) lesions. E’) Orthogonal optical 
sections of E showing lumina (stars). F) GFP-traced and GFP-negative globular 
(dotted line) structures. F’) Orthogonal optical sections of F showing lumen of the 
GFP-negative lesion (star). All scale bars 50 µm. Scale bars of three-dimensional 
reconstructions refer to the centre of the z-stack. 
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5.1.3 Adult acinar-derived lesions. 

In order to exclusively generate acinar-derived pre-neoplastic lesions, I restricted 

oncogenic KrasG12D activation and the heterozygous loss of p53 to acinar cells by 

combination with the Ela1-CreERT2 allele (KPEla1 mice).  In addition, and to 

faithfully trace the acinar origin of acinar-derived lesions, I introduced the R26-

CAG-tdTomato lineage tracer, which is expressed upon Cre-mediated 

recombination (KPTEla1 mice). Mice were given five intraperitoneal tamoxifen 

injections and one week after the last injection, acute pancreatitis was induced by 

caerulein administration to generate an inflammatory environment supporting the 

transformation of acinar cells (Figure 35 A) (Guerra et al., 2007). I analysed six 

mice between one and two months after pancreatitis by three-dimensional 

interrogation and staining for Krt19 and tdTomato. The majority of pancreatic tissue 

was unaltered and appeared normal. Patches of tdTomato-positive, Krt19-negative 

acinar cells of normal size and triangular shape were identified as untransformed 

acinar cells. I detected isolated foci of acinar-to-ductal metaplasia (ADM) in three of 

the mice. ADM clusters were identifiable by their expression of tdTomato and Krt19, 

which is absent from adult acinar cells, as well as a reduced size compared to 

acinar cells (Figure 35 B). ADM clusters were connected to terminal ducts by Krt19-

positive duct cells.  

Two mice presented a tree-like lesion of tdTomato-traced Krt19-positive cells. In 

contrast to ADM, these lesions were bigger and the cells had exchanged their 

typical clustered arrangement in acini for a cylindrical duct-like monolayer. 

Consequently, both lesions appeared as hollow tubular structures, comparable to 

wildtype ducts (Figure 35 C). However, although expanded in calibre, they lacked 

the lumen typical for PanIN lesions and optical sections did not resemble the 

characteristics of PanINs identified in sections of paraffin-embedded pancreata of 

the KPC model. Based on their morphology, these lesions are here referred to as 

tubular complexes (TC). Both TCs were directly connected with the ductal 

epithelium of an untransformed duct.  

Five of the mice contained at least one PanIN lesion. PanINs were bigger than 

ADM and TCs and readily recognizable by their globular structure and numerous 

expanded lumens visible in optical sections (Figure 35 D, E). In line with published 

findings, and similar to my observations in the KPC model, PanINs contained 
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Krt19-positive cells with basal oriented nuclei and tdTomato positivity confirmed 

their descent from an acinar origin (Hingorani et al., 2003, Habbe et al., 2008). 

Interestingly, PanIN lesions had maintained the connection to the pancreatic ductal 

tree and were connected to higher-calibre ducts in comparison with ADM (Figure 

35 F). 

In order to formally prove the apparent barrier-free connection with the pancreas 

ductal tree, I subjected five KPEla1 mice to tamoxifen and caerulein treatment as 

above. The mice were sacrificed two months after induction of pancreatitis and the 

pancreas ductal tree retrogradely filled with a fluorescein isothiocyanate (FITC)-

conjugated dextran by cannulation of the extrahepatic bile duct in situ (Figure 35 G). 

Pancreata were dissected and stained for Krt19, followed by three-dimensional 

microscopy. As expected, the dye accumulated in pancreatic ducts and the fine 

acinar lumina without sign of leakage. Three of the mice presented globular lesions 

and all of them contained luminal FITC, thus providing evidence for a direct 

connection to the pancreas ductal tree (Figure 35 H). 
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Figure 35 - Ductal connection of acinar-derived lesions. 

A) Treatment scheme for transformation of adult pancreatic acinar cells. LSL-
KrasG12D : p53 F/+ : R26-CAG-tdTomato : Ela1-CreERT2 mice were generated and
received five tamoxifen injections of 100 µg tamoxifen per gram bodyweight at eight
weeks of age. Acute pancreatitis was induced at ten weeks of age by 14
intraperitoneal injections of caerulein (50 ng per gram bodyweight) over the course
of two days. Animals were analysed one to three months after treatment. B) Three-
dimensional view of ADM cluster. B’) Optical sections of the indicated area in B
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showing a cluster of small tdTomato-positive, Krt19-positive cells (arrow) and 
surrounding Krt19-negative tdTomato-traced acinar cells. Scale bars 50 µm. C) 
Three-dimensional view of a tubular complex of tdTomato-positive Krt19-positive 
cells. The lesion stands in direct contact with a duct (arrows). Scale bar 100 µm. C’) 
Orthogonal sections through the indicated area in C showing direct connection with 
the wildtype duct and protrusion of the lesion into the ductal lumen (star 
demarcates lumen). Scale bar 70 µm. D) Three-dimensional view of a PanIN 
lesion. Arrows point at connections to pancreatic ducts. Scale bar 200 µm. D’) 
Optical section and single channel images through the indicated area in D showing 
expanded lumen (star) and tdTomato-traced Krt19-positive cells with cytoplasmic 
expansion and basal oriented nuclei. Scale bar 50 µm. E) Volumes for ADM, TC 
and PanIN lesions (measured in Imaris by surface reconstruction). ADM and PanIN 
volumes were compared with the Mann-Whitney U non-parametric test. F) Plot of 
ADM, TC, PanIN lesion volume and calibre of the connected wildtype duct. G) 
Scheme of retrograde perfusion of the pancreas ductal tree. Five KPE mice were 
treated as above and sacrificed after two months. A ligature was placed around the 
extrahepatic bile duct at its bifurcation into common hepatic duct and cystic duct 
and the hepato-pancreatic duct was perfused through the duodenal papilla with 
FITC-dextran. H) Three-dimensional views and orthogonal sections of two 
representative globular Krt19-positive lesions showing luminal accumulation of 
FITC-dextran. All scale bars 50 µm. Scale bars of three-dimensional 
reconstructions refer to the centre of the z-stack. 
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The progression model for acinar-derived PDAC, based on detailed analyses of 

mouse models, advocates ADM as the first morphological event in acinar cell 

transformation, followed by a stepwise progression through PanIN lesions of 

advancing stage towards PDAC (Hingorani et al., 2003, Habbe et al., 2008, Kopp 

et al., 2012). As ADM arises at the site of acinar cells, at the endings of the ductal 

tree, PanIN lesions would be expected to share this location. However, data from 

human biopsies and GEM models have described PanINs in the ductal lining of 

high-calibre ducts (Hruban et al., 2000, Aichler et al., 2012). This was confirmed in 

the mice I analysed, where PanINs stood in direct contact with the untransformed 

ductal epithelium of ducts with calibres of up to 20 µm. This suggests the 

expansion of PanINs along, and possibly confined to, the pre-existing ductal tree, 

from distal to proximal.  

To better understand the impact of PanIN progression on the pancreatic ductal tree, 

I first compared the morphology of acinar-derived lesions with the connected 

wildtype ducts. As early as the ADM stage, the transformed cells formed a lumen 

wider than that of the adjacent ductal epithelium (Figure 36 B). This luminal 

expansion at the lesion-wildtype duct interface was constantly seen in TCs and 

PanINs (Figure 36 B). Interestingly the lumen of PanINs was not constant 

throughout the lesion. At the borders, the relative luminal expansion was 

comparable to ADM and TCs. However, in the PanIN centre, the lumen was largely 

expanded, thereby giving rise to the characteristic presentation of PanINs as 

globular structures. In comparison with the untransformed cells of the connected 

ducts, acinar-derived transformed cells had a drastically increased height and 

reduced length (Figure 36 C). 

A particularly interesting region was the interface between PanIN and the 

connected duct. In contrast to the globular architecture of the PanIN centre, as 

mentioned above, the border to adjacent wildtype ductal epithelium rather 

resembled the cylindrical structure of tubular complexes (Figure 36 D). It is not well 

understood how PanINs expand. Given their acinar origin and their location at the 

peripheral segments of the ductal tree, PanINs could either grow outwards or follow 

the ductal epithelium in their development. The observed progression model of 

PanIN expansion along the ductal tree would suggest that the interfaces, between 

the transformed epithelium and the wildtype ductal lining, are infiltrative borders. In 

support of this, PanIN-duct interfaces commonly comprised both PanIN and 
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untraced wildtype duct cells whereas the PanIN centre contained exclusively 

tdTomato-labelled cells (Figure 36 D). The mode of PanIN progression along pre-

existing ductal routes suggests that PanIN infiltration might lead to the replacement 

of duct cells over time, which could be due to PanIN-derived signalling factors or 

mechanical pressure exerted by the continuously expanding lesion on neighbouring 

wildtype cells. Mechanical pressure would be expected to lead to cellular 

deformations and possibly cell elimination through cell death or extrusion 

(Eisenhoffer and Rosenblatt, 2013). To assess the effect of PanIN expansion on 

the duct cells in the infiltrative border, I measured cell height (basal to apical 

membrane) and length (lateral to lateral membrane along the duct) of both PanIN 

and duct cells at the PanIN-duct interface. I found that duct cells had a reduced 

length compared to isolated ducts of the same calibre that were not in contact with 

a PanIN lesion (Figure 36 E). Furthermore, cell length was minimal for the duct cell 

that stood in immediate (touching) contact with the infiltrating PanIN lesion. Cell 

heights, albeit significantly different between PanIN cells and duct cells, were not 

significantly different amongst duct cells (Figure 36 E).  

Together, these results are an indication that PanIN lesions progress along pre-

existing ductal routes by replacing or dislocating wildtype cells, and further 

experiments are need to test the progression model and the fate of duct cells in the 

infiltrative border (Figure 36 F). 
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Figure 36 - PanIN progression along ductal routes. 
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A) Treatment scheme. Adult KPTEla1 mice were recombined and pancreatitis 
induced at ten weeks of age. Mice were analysed one to three months after 
caerulein. B) Ductal calibres were measured at the interfaces of PanIN lesions and 
connected wildtype ducts. Relative ductal deformation was calculated as the 
normalized quotient of wildtype ductal diameter and ductal diameter at the 
infiltrating PanIN lesion. Positive value indicates ductal dilatation, negative value 
indicates ductal constriction. C) Cell height and length of transformed cells were 
measured and compared to cell shapes of wildtype ducts (see 3.1.3 The pancreas 
ductal tree) D) Three-dimensional view of a representative PanIN lesion infiltrating 
two small calibre wildtype ducts. D’, D’’) Optical sections through D showing the 
infiltration of the two ducts. Red line delineates infiltrating PanIN cells, white line 
demarcates wildtype ducts. Arrow indicates remaining wildtype cells at the 
infiltrative front. All scale bars 30 µm. Scale bar of the three-dimensional 
reconstruction refers to the centre of the z-stack. E) Cell length and height were 
measured for PanIN and duct cells at the infiltrative front, assigning +1 position to 
the first wildtype duct cell standing in direct contact with the PanIN lesion, +2 
position to the following duct cell (see also F). The values were normalized to cell 
shapes of calibre-matched untransformed ducts from wildtype mice (see 3.1.3 The 
pancreas ductal tree). Significance was tested for two adjacent cells and the 
indicated cell positions with Mann-Whitney U non-parametric test (see table). ns – 
not significant. F) Illustration of the proposed mode of PanIN progression along pre-
existing ducts. PanIN cells begin to invade ducts by replacing or dislocating 
wildtype cells on one side of the duct through mechanical pressure and possible 
other factors yet to be identified.  
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5.1.4 Adult duct-derived lesions. 

My finding from the KPC model for tumourigenesis in the juvenile indicated a 

possible transformation in the pancreatic ducts, and carcinogen induced lesions in 

the adult could be traced from a ductal origin (see 5.1.2 Tubular and globular 

lesions in models of embryonic genetic and adult carcinogen-induced 

tumourigenesis). To study the morphological aspects of ductal transformation in the 

adult pancreas, I employed the LSL-KrasG12D : Fbw7 F/F : R26-EYFP : Krt19-

CreERT (KFYKrt19) model. This model combines tamoxifen-dependent oncogenic 

KrasG12D activation with loss of the tumour suppressor Fbw7 in the ductal 

epithelium. Dr. Rute Ferreira from our group has recently shown that these mice 

develop intratubular, papillary non-mucinous lesions that progress to PDAC with 

focal carcinoma in situ seen as early as one month after induction. In contrast to 

acinar lesions, cells presented nuclear expansion (Ferreira et al., manuscript 

submitted). A second adult duct-derived model, harbouring oncogenic KrasG12D 

activation with concomitant loss of p53 (p53 F/F) resembled the KFYKrt19 model, 

suggesting a genotype-independent mode of progression of duct-derived lesions 

(Ferreira et al., manuscript submitted).  

Firstly, I investigated pancreata from two KFYKrt19 mice two months after a single 

intraperitoneal tamoxifen injection (Figure 37 A). Both mice presented large Krt19-

positive foci that in optical sections presented multiple back-to-back tubules. In 

parts cells appeared to protrude through the basement membrane and invade 

surrounding tissue (Figure 37 B). Thus, these foci resembled PDAC. 

In order to identify and shed light on the morphology of PDAC precursor lesions, I 

induced recombination in three KFYKrt19 mice and analysed pancreata after 21 

days. Pancreata were processed by 3D-IHC and stained for Krt19 and EYFP (GFP 

antibody). To my surprise, I detected EYFP-traced Krt19-positive lesions of two 

distinct morphologies. I readily identified intraductal lesions, which in optical 

sections resembled the intratubular papillary architecture recently described (Figure 

37 C) (Ferreira et al., manuscript submitted). In addition, I found lesions of a 

globular morphology, that appeared as multiple, small, expanded back-to-back 

ductal lumina (Figure 37 D). Both lesions were also found in sections of paraffin-

embedded KFYKrt19 pancreata (three mice) (Figure 37 E-H). The cells had 

columnar shapes and expanded nuclei in both lesion types and AB/PAS staining 
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revealed the non-mucinous nature of both lesions (Figure 37 E-H. Movies of 

representative ductal lesions from different ductal segments can be found in the 

Appendix – Movie 2, 3, 4, 5). 
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Figure 37 - Duct-derived carcinoma and lesion morphologies. 

A) Treatment scheme. Adult LSL-KrasG12D : Fbw7 F/F : R26-EYFP : Krt19-CreERT 

mice were recombined by one intraperitoneal tamoxifen injection of 100 µg 
tamoxifen per gram bodyweight and analysed 21 days or two months after. B) 
Three-dimensional view of Krt19-positive carcinoma two months after 
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recombination. Scale bar 100 µm. B’) Optical sections through B showing back-to-
back tubules of columnar cells. All scale bars 50 µm. C-H) Morphological and 
histological presentation of intratubular and globular lesions 21 days after 
recombination. C) Three-dimensional view of a partially transformed main duct 
Arrows indicate locally unrecombined ductal epithelium. C’) Optical section through 
C showing EYFP-traced invaginating cell clusters. Star demarcates ductal lumen. 
All scale bars 50 µm. D) Three-dimensional view of EYFP-traced globular lesion 
connected to a small-calibre duct (arrows). D’) Optical section through D showing 
two expanded lumina (stars) formed by Krt19-positive cells. All scale bars 50 µm. 
E) Hematoxylin-eosin (HE) staining on sectioned paraffin-embedded pancreas of a 
KFYKrt19 mouse 21 days after recombination showing papillary ductal epithelium 
with columnar cells with nuclear expansion invaginating into the ductal lumen. F) 
Alcian blue/periodic acid Schiff (AB/PAS) staining of the same duct in E indicating 
non-mucinous character of the lesion. All scale bars 100 µm. G) HE stain of 
paraffin-embedded KFYKrt19 pancreas 21 days after recombination showing 
globular lesion of densely-packed cells with high nuclear-cytoplasmic ratio. H) 
AB/PAS stain of the lesion in H indicating non-mucinous character. All scale bars 
100 µm. Scale bars of the three-dimensional reconstructions refer to the centre of 
the z-stack. 
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To study the progression from an early transformed duct to PDAC and to shed light 

on the distinct lesion morphologies observed, seven adult KFYKrt19 mice received 

one tamoxifen injection and were sacrificed for analysis ten days (three mice) or 21 

days later (four mice) (Figure 38 A). As early as ten days after recombination, I 

detected EYFP-traced clusters of columnar cells with expanded nuclei in high 

calibre ducts (Figure 38 B). The majority of these clusters invaginated into the 

ductal lumen. The degree of invagination increased with the cluster size and led to 

a noticeable deformation of the duct and to lumen constriction (Figure 38 C). 

Intratubular lesions at 21 days after recombination had progressed to a partial 

obstruction of the ductal lumen (Figure 38 D).  

Globular lesions appeared to arise in small calibre ducts. Ten days after 

recombination, I found EYFP-traced cell clusters to expand the local ductal lumen, 

resembling epithelial evagination (Figure 38 E). The luminal expansion was more 

pronounced in bigger cell clusters and eventually, 21 days after recombination, 

large globular lesions had formed (Figure 38 E, F).  
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Figure 38 - Progression of duct-derived lesions. 

A) Treatment scheme for induction of ductal transformation in adult KFYKrt19 
animals. B-D) Progression of intratubular, invaginating lesions. B, B’) Three-
dimensional view and optical section of an invaginating cluster of columnar cells 
with typical nuclear expansion. Star demarcates ductal lumen. Arrow indicates 
invagination. Scale bars 50 µm. C, C’) Three-dimensional view and optical section 
of a more progressed lesion with a large papillary invagination (arrow). Stars 
indicate ductal lumen. D-D’’) Three-dimensional view and orthogonal optical 
sections through a partially obstructed duct 21 days after recombination, filled with 
EYFP-traced Krt19-positive cells. Stars demarcate ductal lumen. Scale bar of the 
three-dimensional view 100 µm. Scale bars of the optical sections 50 µm. E-H) 
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Progression of globular, evaginating lesions. E, E’) Three-dimensional view and 
optical section of a small cluster of EYFP-traced Krt19-positive cells in a small-
calibre duct distorting the ductal lining (arrow). Lines demarcate the connected 
wildtype ducts. F, F’) Three-dimensional view and optical section of a EYFP-traced 
lesions evaginating (arrows) and expanding the lumen (star) of the source duct 
(dotted lines). G, G’) Three-dimensional view and orthogonal optical sections of a 
large globular lesion. Lines demarcate the source duct and star indicates lesion 
lumen. All scale bars 50 µm. Scale bars of the three-dimensional reconstructions 
refer to the centre of the z-stack. 
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Throughout all time points, globular lesions appeared connected to small calibre 

ducts, but unlike acinar-derived lesions, these globular lesions originated from 

within a ductal segment rather than from the endings of the ductal tree. To formally 

prove the connection of globular duct-derived lesions with the ductal tree, I 

subjected three mice 21 days after recombination to retrograde ductal perfusion 

with FITC-dextran through in situ cannulation of the extrahepatic bile duct (Figure 

39 A, B). The dye accumulated in the lumen of globular lesions, confirming their 

direct connection to the ductal tree (Figure 39 C). 

Earlier studies of the pancreas and its components have established the ductal 

compartment as being roughly homogeneous regarding its cellular content 

(Reichert and Rustgi, 2011). If such was true, it would be intuitive to hypothesize 

that lesions arising from duct cells with the same oncogenic hit should undergo 

similar morphological changes towards tumour development. However, as 

observed so far, my assessment of initiating events indicated the existence of 

different morphologies of ductal lesions. As done for the wildtype pancreas and its 

segmental heterogeneity, I aimed to describe the heterogeneity observed in the 

duct-specific induction of tumourigenesis by establishing a relationship between 

lesion morphology, its origin in the ductal tree and the accompanying cytological 

changes.  

First, I quantified the calibres of wildtype ducts that harboured intratubular and 

globular lesions from three Fbw7 F/F : LSL-KrasG12D : R26-CAG-tdTomato : Krt19-

CreERT (KFTKrt19) mice. There was a significant difference in the occurrence of the 

two lesions in the ductal tree: Whilst globular lesions arose in small ducts of less 

than 20 µm diameter, intratubular lesions occurred exclusively in larger ducts 

(Figure 39 D, E).  

To better understand the morphological changes occurring in small or big calibre 

ducts, I complemented this analysis by measuring the ductal lumen directly at a 

cluster of transformed cells and the wildtype epithelium adjacent to it and 

determined the quotient of both values as a measure of the relative ductal 

deformation (Figure 39 F). I wanted to compare the effects of hyperproliferation 

with transformation. To this end, I extended this analysis to loss of Fbw7 (FTKrt19 

mice) or KrasG12D activation alone (KTKrt19 mice). We have shown that loss of 

Fbw7 leads to overproliferation in the ductal epithelium without preneoplastic lesion 

formation for six months after recombination (Sancho et al., 2014)(Ferreira et al., 
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manuscript submitted, my own unpublished findings). In addition, pancreatic ducts 

are thought to be refractory to oncogenic Kras activation, and I did not find 

deformations in the ductal epithelium of KrasG12D : Krt19-CreERT mice during three 

months after recombination (Brembeck et al., 2003, Ray et al., 2011, Kopp et al., 

2012)(my own unpublished findings). I analyzed KFTKrt19 mice ten days or 21 

days after recombination, and FTKRT19 and KTKRT19 mice (four mice each) four 

weeks after recombination to yield similar sized clusters of recombined cells. I 

measured the relative ductal deformation at the site of recombined clusters 

between four and 100 cells. In line with the observed distribution of globular and 

intratubular lesions, KFTKrt19 pancreata presented dilatation of the ductal diameter 

(evagination) in small calibre ducts and constricted ductal diameter (invagination) in 

high calibre ducts (Figure 39 F). Interestingly, hyperproliferation by loss of Fbw7 led 

to a mild dilatation of the calibre of small ducts, but had no effect on high calibre 

ducts. KrasG12D alone did not cause ductal deformation (Figure 39 C). This implies 

hyperproliferation plays an initiating role in the deformation of small calibre ducts 

(below 20 µm diameter). Proliferation is a main factor in tumourigenesis and also 

contributed to the invaginating intratubular lesions seen in high calibre ducts, as 

seen in the described correlation between lesion size and ductal obstruction. 

However, hyperproliferation alone, whilst leading to cellular crowding (as judged 

from cell shapes), did not cause a significant deformation of high calibre ducts, 

suggesting the dependence of invagination on further factors. 

Similar to their effect on the ductal morphology, KrasG12D and loss of Fbw7 had mild 

effects on the shapes of duct cells (Figure 39 G). However, the combination of the 

two alterations in KFTKrt19 mice drastically changed cells to adopt a columnar 

shape, in line with the two-dimensional histological presentation of ductal lesions in 

the KFTKrt19 mouse model (Ferreira et al., manuscript submitted). 

Together these findings suggest that there exists a segmental heterogeneity in the 

ductal tree that is reflected in transformed lesions of distinct morphology. It remains 

to be assessed if KrasG12D or loss of p53 or Fbw7 alone can induce lesion formation 

over a longer time span and if this would require additional spontaneous genetic 

alterations. 
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Figure 39 - Lesion morphology depends on lesion localization. 

A) Treatment scheme for induction of ductal transformation in adult KFTKrt19 
animals. B) Scheme of retrograde perfusion of the pancreas ductal tree. 
Transformation was induced in three KFTKrt19 mice and mice were sacrificed after 
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21 days. A ligature was placed around the extrahepatic bile duct at its bifurcation 
into common hepatic duct and cystic duct and the hepato-pancreatic duct was 
perfused through the duodenal papilla with FITC-dextran. C) Three-dimensional 
view and orthogonal optical sections through a globular lesion with accumulated 
FITC-dextran in the lesion lumen. All scale bars 50 µm. D) Three-dimensional 
reconstruction of a representative KFTKrt19 pancreas 21 days after recombination 
showing multiple tdTomato-traced lesions along the ductal tree. Indicated lesions 
are magnified on the right. Scale bars 1 mm. 1) Globular lesion arising from 
intralobular ducts (dotted lines). 2) Intratubular lesions arising in two parallel main 
ducts (dotted lines). Scale bars 100 µm. E) Quantification of wildtype duct calibres 
adjacent to globular and intratubular lesions, compared using Mann-Whitney U 
non-parametric test (three mice). F) Comparison of the relative ductal deformation 
per duct calibre. The deformation was calculated as the normalized quotient of duct 
calibre through the recombined cell cluster (4 to 100 cells) or directly adjacent to it 
(wildtype cells). Four mice were used per genotype and per time point indicated 
and analyzed 10 days or 21 days after tamoxifen (KFTKrt19) or four weeks after 
tamoxifen (KTKrt19, FTKrt19) The same quantification was carried out on three 
pancreata of R26-CAG-tdTomato : Krt19-CreERT mice to determine the technical 
error caused by the measurements (grey dotted lines above and below zero). G) 
Graphs of cell shapes per ductal calibre and indicated genetic alteration. Scale 
bars of the three-dimensional reconstructions refer to the centre of the z-stack. 
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5.2 Discussion: Distinct localization and morphologies of 
acinar- and duct-derived PDAC precursor lesions. 

 

5.2.1 Lesions of distinct morphology arise from a different cellular and 

anatomical origin. 

Pancreatic ductal adenocarcinoma has been described to arise from duct cells and 

acinar cells. Whilst both culminate in carcinoma of similar morphological 

characteristics, the progression through pre-neoplastic lesions has been proposed 

to differ with the cellular origin (Bailey et al., 2015)(Ferreira et al., manuscript 

submitted). Acinar cells have been shown to undergo ADM, whereby they adopt 

duct cell characteristics, such as the expression of Krt19, and subsequently 

progress through mucinous PanIN lesions of increasing dysplasia and nuclear 

atypia to PDAC (Hingorani et al., 2003). Duct cells, on the other hand, do not 

undergo the intermediate stage of mucinous PanIN-like lesions, but instead form 

carcinoma in situ marked by non-mucinous papillary invaginations into the ductal 

lumen and Krt19-positive cells with nuclear expansion (Ferreira et al., manuscript 

submitted).  

With the help of 3D-IHC-assisted three-dimensional microscopy, I identified lesions 

resembling duct- and acinar-derived PDAC precursors in the embryonic KPC 

model, in adult carcinogen-induced pancreatic tumourigenesis, and by acinar- and 

duct-cell-specific induction of oncogenic mutations in the adult pancreas. Although 

the models differed in the genetic alterations induced, I detected lesions of similar 

morphology in the KPC and DMBA models, which resembled adult acinar-derived 

(KPTEla1) and duct-derived (KFYKrt19) lesions. This supports the recent 

observation by Dr. Rute Ferreira in our group that the cellular origin determines the 

pre-neoplastic lesion (Ferreira et al., manuscript submitted).  

My findings on the morphology of globular, mucinous acinar-derived PanIN lesions 

and intratubular, non-mucinous duct-derived lesions complement previous studies 

(Figure 40) (Guerra et al., 2007, Habbe et al., 2008, Bailey et al., 2015)(Ferreira et 

al., manuscript submitted). Despite their origin from acini at the endings of the 

ductal tree, PanIN lesions are commonly found in the epithelia of high-calibre ducts 



Chapter 5. Results 

 

183 

 

in PDAC patients and a similar occurrence has been described in the mouse 

(Guerra et al., 2007, Aichler et al., 2012). Instead of an intuitively assumable 

omnidirectional expansion of PanIN lesions, my observations suggest their 

preferential progression via pre-existing wildtype ducts, possibly through 

replacement of wildtype duct cells and offer an explanation for the apparent 

discrepancies between the anatomical sites of PanIN origin and PanIN occurrence. 

Further studies, especially live imaging of PanIN progression by tissue slice culture 

will allow me to test and challenge the proposed mode of progression. 

The identification of globular, non-mucinous duct-derived lesions was unexpected, 

and requires further dedicated investigation, in particular if they can progress to 

PDAC and in how far they resemble a relevant PDAC-precursor in human. To this 

end, I am now analysing PDAC patient biopsies by comparative three-dimensional 

microscopy and histology on sectioned tissue from the same resection. Under 

consultation of a pathologist expert, the lesions morphologies and cytological and 

histological hallmarks (for example mucinous nature) will be compared to the 

described lesions observed in the various mouse models. 
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Figure 40 - Pancreas pre-neoplastic lesions. 

Schematic of the localization of preneoplastic lesions from adult duct and acinar 
cells. Duct-derived intratubular lesions arise in high calibre, main ducts and 
interlobular ducts by invagination into the ductal lumen. Intralobular ducts and 
intercalated ducts generate globular lesions by expansion of the ductal lumen. 
Acinar-derived lesions are initiated at the endings of the ductal tree (the acini), and 
progress along preexisting ducts (arrow). 
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5.2.2 The biological and biophysical mechanisms of lesion morphogenesis. 

The morphological similarities of acinar- and small-calibre-duct-derived lesions and 

their connection to the pancreatic ductal tree raise the question of the biological 

mechanisms underlying lesion formation. Similar to the principles of tissue 

morphogenesis in the developing embryo, the establishment of the architecture and 

morphology inherent to a pre-neoplastic lesion is not the result of a sequence of 

chaotic rearrangements but is understood as the consequence of a complex 

interplay between transformed cells and their environment (Clark, 2009, Rubashkin 

et al., 2014). Therefore, tumour lesions can be routinely classified by their 

morphological and cytological presentation during histological analysis, as for 

example pre-neoplastic lesions in the pancreas are distinguished as PanIN, IPMN, 

ITPN, MCN and AFL lesions. 

Morphogenesis, the process of forming a tissue, is guided by the mechanical 

activity of the cytoskeleton inside cells. The cytoskeleton modulates cell shape, and 

as cells deform they exert forces on neighbouring cells and the extracellular matrix, 

which they push and pull upon. In the context of an epithelium, deformation is the 

result of reciprocal cellular interactions, of tissue tension and stresses. 

Consequently, cell shape is an indicator of cytoskeletal activity in one cell, which in 

turn reflects local tensions in the epithelium. It is known that pancreas pre-

neoplastic lesions are built of columnar cells and in line with this I found that 

transformation of both acinar and ductal cells involved drastic cytological changes 

(Zamboni et al., 2013).   

Interestingly, whilst transformation of high calibre (main and interlobular) ducts was 

characterized by a unique intratubular papillary architecture, lesions at the endings 

of the ductal tree, of either acinar or ductal origin, shared a globular morphology, 

notwithstanding distinct cytological hallmarks as indicated by the difference in 

mucin production (duct-derived lesions were, in contrast to acinar-derived lesions, 

non-mucinous) (Figure 40). This suggests the distinct mechanical behaviour of 

different ductal segments. It remains to be seen, if this is a biological consequence 

of different cell populations, or if it can be explained solely with the mechanical 

state of the source epithelium itself.  

I found that the shapes of wildtype duct cells change gradually with the ductal 

calibre, arguing for their dependency on mechanical parameters that would differ 
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among ductal segments (see also 3.1.3 The pancreas ductal tree). These factors 

might be inherent to the ductal epithelium, for example basal cell curvature would 

be expected to be higher in small calibre ducts, whilst less pronounced in the main 

ducts. Additionally, external pressure, for example from the surrounding stromal 

layer, which is only present around high calibre ducts, might play a role in epithelial 

deformation. In fact, the occurrence of invaginating lesions in main and interlobular 

ducts might possibly be explained with resistance of the thick stromal layer 

enwrapping high calibre ducts (see also 3.1.3 The pancreas ductal tree). On the 

other hand, hyperproliferation alone (FTKrt19) did not lead to invagination of high-

calibre ducts suggesting the dependency on additional factors.  

Further studies are needed to clarify the source for the different modes of ductal 

deformation and to identify the mechanical factors guiding lesion morphogenesis. 

Together with Dr. Silvanus Alt from the group of Dr. Guillaume Salbreux, I am now 

converting the shown morphological and cytological quantifications to an in silico 

model of pancreatic lesion morphogenesis from acinar and ductal cells. To 

understand the mechanical drivers of the observed deformations in the duct, we 

use the “3D Vertex Model for simple epithelia” (Bielmeier et al., 2016). In this model, 

the cylindrical shape of the duct is characterised by an apical and basal network of 

three-dimensional vertices determining the corresponding cell outlines on the inside 

and on the outside of the duct, respectively. Mechanical stresses are assumed to 

arise from the volume control of cells, as well as from tensions that act along apical, 

basal and lateral interfaces between cells and along their apical and basal surfaces. 

In addition, external mechanical forces, such as compression and the attachment 

of the tissue to an underlying basement membrane, are taken into account. In 

preliminary simulations, we generated high-calibre ducts resembling wildtype main 

ducts by calibre, number of circumscribing cells and cell shape (quantifications 

taken from 3.1.3 The pancreas ductal tree). A cluster of 40 cells was “transformed” 

by imprinting the quantified cell shapes of transformed KFTKrt19 ducts of 

corresponding diameter (quantifications shown in Figure 39G). We found that basal, 

but not apical, constriction (transformation-increased basal tension) is sufficient to 

cause ductal invagination under the given parameters (Figure 41). With the help of 

ongoing in vivo experiments on the apical and basal distribution and activity of 

cytoskeletal components, such as phosphorylated myosin light chain 2 and focal 

adhesion kinase, we now simulate the deformation of small- and large-calibre ducts 
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and test the role of additional factors, such as pressure from the surrounding 

stroma. Tissue slice culture in combination with live imaging offers a platform to 

challenge the results gained in silico by experimental perturbation of the 

cytoskeletal machinery and associated signalling molecules that we identify to 

underlie lesion morphogenesis. 

Apart from a biophysical explanation of the observed deformations, the molecular 

mechanisms that modulate cytoskeletal remodelling and lesion shape remain to be 

understood. A comparative transcriptomics analysis of transformed duct cells two 

weeks after reombination (KFYKrt19 model) by Dr. Rute Ferreira suggested the 

deregulation of several cytoskeletal and mechanosignaling components 

(unpublished). Since the cytoskeletal machinery is a molecular apparatus, its 

components stand in direct crosstalk with potentially druggable signalling factors. 

For instance, a recent study identified integrin β1, which confers cell-cell and cell-

matrix adhesion, as a potent component in PDAC tumourigenesis, which could 

stimulate PDAC development by increasing epithelial tension (Laklai et al., 2016). 

Laklai et al. proposed a positive feedback loop between integrin β1 

mechanosignalling and Stat3-promoted tumour progression.  

Together, the ongoing analysis of biophysical parameters guiding ductal 

deformation and the identification of molecules and signalling pathways mediating 

the crosstalk between tumour progression and lesion morphogenesis will not only 

aid the understanding of PDAC biology but may also contribute to the development 

of therapeutic strategies.  
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Figure 41 - Ductal deformation in silico in the 3D vertex model 

Representative snap shots of the 3D vertex model of a wildtype main duct (60 µm 
diameter with cuboidal cells) harbouring a 40-cell cluster (red) of transformed cells. 
The observed volume expansion of transformed cells, together with basal 
constriction, evokes an invaginating deformation of the ductal epithelium. 
 

 

 

 

basal tension

basal
apical

main duct

duct lumen

apical tension

duct lumen

main duct

Tbtf = 1.2
Tatf = 0.5

Tb = 1.2
Ta = 1.2

duct lumen

main duct

Tatf = 1.2
Tbtf = 0.5

Ø 60 μm

wildtype cells

transformed clone
apical constriction

transformed clone
basal constriction

transformed clone
no constriction



Chapter 6. Concluding remarks 

 

189 

 

Chapter 6. Concluding remarks 

Pancreatic research has hitherto been restricted in its experimental analysis to 

sectioned tissue or isolated cells. Yet, considerable evidence suggests a spatially 

dependent heterogeneity of the pancreatic parenchyma as is for example apparent 

in islet composition, ductal morphology or the expression of progenitor markers by 

the hepato-pancreatic duct (Baetens et al., 1979, Reichert and Rustgi, 2011, 

Dipaola et al., 2013). Apart from these morphological characteristics, the prevalent 

occurrence of PDAC in the pancreatic head might hint at an as yet unidentified 

spatial heterogeneity in pancreas functionality and plasticity (Hidalgo, 2010). Thus, 

both regenerative sciences and cancer research are in need of a better 

understanding of the functional regionalization of the pancreatic compartments. 

Here I have developed 3D-IHC (three-dimensional immunohistochemistry), a tool 

for three-dimensional interrogation of the intact, whole mouse pancreas. The 

technique combines a mild antigen retrieval with membrane solubilisation in a 

single overnight procedure and is the fastest tool enabling whole-organ microscopy 

currently available. Importantly, the pancreatic architecture remains preserved and 

distinct morphological segments of the ductal tree, from the hepato-pancreatic duct 

with its characteristic peribiliary glands to the fine endings of the ductal tree as 

single centroacinar cells, are readily identifiable by three-dimensional microscopy 

(see Chapter 3). 

I employed 3D-IHC to revisit two ongoing debates in the field of pancreas 

regeneration and plasticity: 1) The role of duct cells as an adult progenitor for β-cell 

neogenesis and 2) The contribution of the ductal epithelium to acinar cell 

maintenance (see Chapter 4 and Chapter 5). Whilst I did not find evidence for a 

duct-originated β-cell in the normal pancreas, my results on acinar cell 

maintenance indicate not only an ongoing supply of acinar cells from the tips of the 

ductal tree but also a previously unidentified function of the hepato-pancreatic duct 

in the secretion of acinar cell enzymes upon acute acinar cell loss. These results 

suggest a varying functionality of different ductal segments in regards to the 

exocrine pancreatic gland and invite more detailed studies comparing the regional 

plasticity within the pancreatic ductal tree. A remaining hurdle to overcome is the 

absence of marker genes to distinguish between duct cell populations of different 

plasticity. To this end, genetically-labelled duct cells could be isolated by 
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fluorescence-activated cell sorting (FACS) and subjected to single cell 

transcriptome analysis. Together with the thereby identified marker genes, 3D-IHC 

would offer a quick and informative readout on the localization of duct cell 

progenitor subpopulations in the pancreas ductal tree as well as the 

characterization and study of their microenvironment.  

 

In chapter 5, I employed 3D-IHC to visualize and study the morphological aspects 

of PDAC induction. The comparative three-dimensional analysis of four PDAC 

GEM models identified distinct modes of lesion initiation and progression from 

acinar cells and different ductal segments. Whilst transformation in high-calibre 

ducts led to intratubular papillary lesions, acinar cell transformation and 

transformation of small-calibre ducts resulted in globular lesions. Given that acinar 

cells integrate into the ductal lining during transformation-induced acinar-to-ductal 

metaplasia, these findings indicate a segmental heterogeneity in lesion morphology. 

It will be interesting to see how far the distinct mechanical properties of different 

ducts influence lesion morphology and how the genetic alterations and the cellular 

origin modulate the cytological and histological hallmarks of a lesion, such as the 

mucinous character and nuclear morphology. Would, for example, 

allotransplantation of duct-derived PDAC cells give rise to tubular lesions, globular 

lesions or a mixture of both? And would acinar-derived PDAC cells reform globular 

PanIN lesions that reconnect with the ductal tree of the recipient? These 

experiments would offer explanations for the question if the lesion type reflects the 

cellular ancestry or if it depends on the properties of the micoenvironment the 

lesion arose from.  

Due to its unspecific symptoms, pancreatic cancer is commonly detected at an 

advanced stage when the tumour has spread and invaded other tissues. At this 

stage, PDAC has become unresectable due to its involvement with the mesenteric 

vasculature and the majority of patients present distant metastasis to the omentum, 

liver and lung, which is associated with inferior survival (Peixoto et al., 2015, Siegel 

et al., 2016). The observations presented here invite correlative studies on the 

relative occurrence of the different lesion types with respect to stroma and blood 

vessels, and the onset and mode of tumour cell dissemination, thought to occur 

early in PDAC progression (Rhim et al., 2012). 3D-IHC enables the study of 

metastasis spread and outgrowth in the three-dimensional tissue context of the 
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pancreas and furthermore the liver and lung, two common sites of metastasis in 

pancreatic cancer patients (Peixoto et al., 2015).  

 

 

 

 



Appendix 

 

192 

 

Chapter 7. Appendix 

Figures adapted from elsewhere 

 

Figure 8 was adapted from from Distler et al., 2014. No permission was required 

from BioMed Research International. Copyright © 2014 M. Distler et al. This is an 

open access article distributed under the Creative Commons Attribution License, 

which permits unrestricted use, distribution, and reproduction in any medium, 

provided the original work is properly cited. 

 

Figure 9 was adapted from Distler et al., 2014. No permission was required from 

BioMed Research International. Copyright © 2014 M. Distler et al. This is an open 

access article distributed under the Creative Commons Attribution License, which 

permits unrestricted use, distribution, and reproduction in any medium, provided 

the original work is properly cited.   

 

Figure 10 was adapted from Distler et al., 2014. No permission was required from 

BioMed Research International. Copyright © 2014 M. Distler et al. This is an open 

access article distributed under the Creative Commons Attribution License, which 

permits unrestricted use, distribution, and reproduction in any medium, provided 

the original work is properly cited. 

 

Figure 11 was adapted from Esposito et al., 2014. No permission was required 

from World J Gastroenterol.This article is an open-access article which was 

selected by an in-house editor and fully peer-reviewed by external reviewers. It is 

distributed in accordance with the Creative Commons Attribution Non Commercial 

(CC BY-NC 4.0) license, which permits others to distribute, remix, adapt, build 

upon this work non-commercially, and license their derivative works on different 

terms, provided the original work is properly cited and the use is non-commercial. 

See: http://creativecommons.org/licenses/by-nc/4.0/ 
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Legends for movies on the enclosed CD  

 

Movie 1 was generated in Imaris on a detail of a Krt19-stained (green) wildtype 

pancreas. Intact arborized ducts of varying calibres are seen and magnification 

reveals ductal endings as single cells. Scale bar refers to the centre of the view. 

 

Movie 2 was generated in Imaris on a KFEKrt19 pancreas 21 days after tamoxifen. 

Staining for Krt19 (white) and EYFP (red) identifies a globular lesion originating 

from intercalated duct cells. Scale bar refers to the centre of the view. Movie best to 

be played in VLC player. 

 

Movie 3 was generated in Imaris on a KFEKrt19 pancreas 21 days after tamoxifen. 

Staining for Krt19 (white) and EYFP (red) reveals a globular lesion connected to an 

intralobular duct. Scale bar refers to the centre of the view. Movie best to be played 

in VLC player. 

 

Movie 4 was generated in Imaris on a KFEKrt19 pancreas 10 days after tamoxifen. 

Staining for Krt19 (white) and EYFP (red) shows invaginating cells in an interlobular 

duct. The used GFP antibody unspecifically detects immune cells surrounding the 

duct. Scale bar refers to the centre of the view. Movie best to be played in VLC 

player. 

 

Movie 5 was generated in Imaris on a KFEKrt19 pancreas 10 days after tamoxifen. 

Staining for Krt19 (white) and EYFP (red) reveals invaginating cell clusters in a 

main duct. Scale bar refers to the centre of the view. Movie best to be played in 

VLC player. 
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