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2D Two dimensional 
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2. Introduction 

2.1 Pancreas organization and the genesis of a functional -cell 

Diabetes mellitus is a group of diseases characterized by chronic increased blood glucose 

concentrations (hyperglycaemia). In all Diabetes subtypes, the symptom hyperglycaemia is 

caused by the lack of sufficient insulin amounts in the blood to lower the blood glucose levels 

(WHO, 2016). However, the reasons for this insulin deficiency are diverse. On the one hand, 

autoimmune destruction of the insulin producing -cells upon Type I Diabetes (T1D) causes the 

lack of insulin (WHO, 2006). On the other hand, a crucial mutation in a critical -cell gene 

results in the disturbance of the -cell function in Maturity Onset of Diabetes of the Youth 

(MODY) patients. Whereas these two Diabetes subtypes develop in young patients, the onset of 

the most common subtype with 90% of all Diabetes incidents, Type 2 Diabetes mellitus (T2D), 

starts usually not before adulthood (WHO, 2006). Moreover, T2D is caused by a reduced insulin 

sensitivity in the body (insulin resistance) that results in stress mediated -cell dysfunction 

(Susan Bonner-Weir & Weir, 2005). The chronical hyperglycaemia upon untreated Diabetes 

results in serious damage in several organs leading to heart attack, stroke, kidney failure, leg 

amputation, vision loss and nerve damage (WHO, 2006).  

Alarmingly, the number of diabetes patients quadrupled to 422 million cases in 2014 compared 

to 1980. This results in a global diabetes prevalence of 8.5% among adults over 18 years 

(WHO, 2016). However, no cure for any Diabetes subtype is currently available (Philippe A. 

Halban, German, Kahn, & Weir, 2010). Since the Diabetes medications are still based on the 

chronic treatment of the hyperglycaemia, novel strategies are urgently needed to tackle the 

causes of the disease (Susan Bonner-Weir & Weir, 2005; Philippe A. Halban et al., 2010; 

Trucco, 2005). 

2.1.1 Pancreas and islet organization in the adult mouse 

The pancreas is the main organ, which controls blood glucose levels. Besides that, it produces 

digestive enzymes that are secreted in the duodenum. Since the pancreas fulfils two 

fundamentally different tasks in the body, it is composed of two different parts. The exocrine part 

of the adult pancreas, which produces and secretes digestive enzymes, possesses ~98% of the 

total pancreas weight and is composed of ductal and acinar cells. Acinar cells are organized in 

clusters at the tip of the ductal network and produce, store and release several digestive 

enzymes (Figure 2.1) (Islam, 2010). Thus, the mature ductal network consists of 4 sub-

compartments, which fulfil the enzyme transport from the acinar clusters to the duodenum. The 

centroacinar cells are located in the junction of acinar cluster and the connected duct epithelium 

of the intralobular ducts (Ashizawa, Sakai, Yoneyama, Naora, & Kinoshita, 2005). These 

intralobular ducts are linked to interlobular that are connected to the main duct. This main duct 

finally ends in the duodenum (Pan & Wright, 2011).  

In contrast, the endocrine pancreas, which controls the blood glucose level, represents only 

~2% of the adult pancreas weight. Hence, it consists of five different endocrine cell types, which 
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differ in their hormone production (Islam, 2010). The highest abundant endocrine cell types are 

-cells, which secrete insulin into the blood stream. Thereby, insulin lowers elevated blood 

glucose concentrations upon food intake by triggering glucose uptake in liver, muscle and 

adipose tissues (Islam, 2010). In contrast, -cells produce and secrete glucagon, which 

releases glucose from the liver upon hypoglycaemia (Islam, 2010). Moreover, the somatostatin-

secreting -cells play an important role in blood glucose control by inhibiting the insulin and 

glucagon secretion (Islam, 2010; Kanno, Göpel, Rorsman, & Wakui, 2002). Yet, pancreatic 

polypeptide secreting PP-cells regulate pancreatic exocrine secretion and gut motor activity 

(Kojima et al., 2007; Lin & Chance, 1974). Whereas ghrelin is expressed in several tissues 

(Burger & Berner, 2014), ghrelin-secreting -cells are very low abundant in the adult pancreas 

(Dezaki, 2013).  

These different hormone-producing cells are arranged in 3D spherical structures called Islet of 

Langerhans (Figure 2.1). In adult mice, the islets are scattered in the whole pancreas and 

consist of ~75% -cells forming the core, ~20% -cells and 5% other endocrine cells (mainly - 

and PP-cells) which build the mantle of the islet (Islam, 2010). Whereas -cells can be easily 

found in islets briefly after birth, only a few could be detected during adulthood (Wierup, 

Sundler, & Scott Heller, 2013). 

 

Figure 2.1: Organization of the exocrine and the endocrine pancreas in the adult mouse 

The pancreas itself further consists of distinct parts, which contain different amounts of 

endocrine cell types (Figure 2.1). In the human and murine pancreas, the head region is 

enriched for PP-cells at the expense of -cells (~ 90% of all PP-cells) whereas the neck, body 

and tail regions exhibit increased levels of - and -cells (M. Brissova, 2005; Jansson, Comi, 

Rubakhin, & Sweedler, 2016; Stefan et al., 1982; Trimble, Halban, Wollheim, & Renold, 1982; 

X. Wang et al., 2013).  

Although the islet structure is widely conserved among species, the human and the murine 

pancreas exhibit severe differences in the ratio of the hormone-producing endocrine cells and 

islet architecture (M. Brissova, 2005; A. Kim et al., 2009). Whereas the rodent islet consists 

predominately of -cells (~75%), the human islet is composed of ~50% -cells, ~40% -cells 

and ~10% other endocrine cell types (M. Brissova, 2005; Cabrera et al., 2006). In addition, the 

human islets exhibit a “mixed islet” architecture characterized by a random organization of 

endocrine cell types in contrast to the core and mantle structure in mice. Although larger 

animals need a higher number of -cells due to the increased needs of insulin (S; Bonner-Weir, 
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1994; Montanya, Nacher, Biarnés, & Soler, 2000) there is no change in the islet size range but 

in the islet number between humans and rodents (A. Kim et al., 2009; Steiner, Kim, Miller, & 

Hara, 2010). Yet, smaller islets (<1000 cells) secrete more insulin when normalized to their 

volume and have a higher vitality rate ex vivo (MacGregor et al., 2006). 

2.1.2 Embryonic development of the pancreas and endocrine cells 

In the mouse, the endocrine cells of the pancreas are predominantly generated in two different 

waves: the primary transition from embryonic day (E) 9.5 to E12.5 and the secondary transition 

from E13.5 to E16.5 (Pang, Mukonoweshuro, & Wong, 1994; Pictet, Clark, Williams, & Rutter, 

1972). At E9.0, the pancreas develops by protrusion of the dorsal and ventral epithelium 

resulting in the dorsal and ventral pancreatic buds, which undergo several morphological 

changes until E12.5 (Pan & Wright, 2011). At E12.5, the gut tube rotates resulting in close 

proximity and fusion of both buds (Pan & Wright, 2011). During the secondary transition, the 

epithelium starts to form tubular structures characterized by a bipotent “trunk” and a multipotent 

“tip” domain. Whereas the tip cells evolve to acinar progenitors, the bipotent trunk cells form 

duct and endocrine progenitors (Islam, 2010). The first generation of hormone-expressing cells 

takes part in the primary transition (E9.5). However, these cells lack the expression of important 

-cell genes like glucose transporter 2 (Slc2a2) and likely do not give rise to mature -cells 

(Herrera, 2000; Pang et al., 1994). The vast majority of the endocrine cells are generated during 

the secondary transition between E13.5 and E16.5 from the progenitors located in the trunk 

epithelium (Pan & Wright, 2011; Pang et al., 1994). Upon differentiation, the endocrine cells 

leave the duct epithelium and cluster to form the islets of Langerhans. However, the underlying 

principle of this delamination process remains obscure. 

The transcription factor (TF) Pancreatic duodenal homeobox 1 (Pdx1) is one of the key player of 

pancreas organogenesis. Its expression starts in the pancreatic epithelium at E8.5 (Figure 2.2) 

and is restricted to - and -cells in the adult islets (Guz et al., 1995; Leonard et al., 1993; 

Offield et al., 1996). The loss of Pdx1 function leads to an early block of exocrine and endocrine 

pancreas organogenesis (Holland, Hale, Kagami, Hammer, & MacDonald, 2002; Offield et al., 

1996; Stoffers, Thomas, & Habener, 1997). Furthermore, heterozygous deficiency of Pdx1 in 

mice leads to glucose intolerance (Ahlgren, Jonsson, Jonsson, Simu, & Edlund, 1998; M 

Brissova et al., 2002) and to an elevated chance of Maturity Onset of Diabetes of the Young 

type 4 (MODY4) (Macfarlane et al., 2000; Stoffers et al., 1997).  

Another key TF especially to determine endocrine specification is the transient expression of 

Neurogenin 3 (Ngn3) (G. Gu, Dubauskaite, & Melton, 2002). Its expression starts at E9.5 and 

peaks around E15.5 corresponding to the endocrine differentiation wave (Apelqvist et al., 1999; 

Jensen et al., 2000; Villasenor, Chong, & Cleaver, 2008). The Ngn3+ epithelial cells are 

unipotent, postmitotic and can give rise to all 5 endocrine cell lineages (G. Gu et al., 2002; 

Miyatsuka, Kosaka, Kim, & German, 2011). Thereby, Ngn3 expression regulates cell cycle exit, 

epithelial delamination, cell migration and finally islet development (Miyatsuka et al., 2011; 

Rukstalis & Habener, 2007). Moreover, the timing and levels of Ngn3 expression affect the 

efficiency of the endocrine cell formation and their cell type (S. Wang et al., 2010). Whereas -

cells are formed upon early Ngn3 expression, - and -cells are generated from the cells of 

delayed Ngn3 expression followed by PP-cells (K. A. Johansson et al., 2007). 
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Figure 2.2: Schematic expression of the TFs Pdx1, Ngn3, MafB and MafA in -cell progenitors 

The last important step to activate the complete -cell specific program is triggering the switch 

from the TF v-Maf avian musculoaponeurotic oncogene homolog B (MafB) to MafA expression 

in the NK6 Homeobox1 (Nkx6.1+) -cell precursors (Artner et al., 2010; Nishimura et al., 2008). 

This step also enhances the Pdx1 expression (Artner et al., 2010). Whereas MafB is important 

for the -cell before birth e.g. to activate the Zn2+-transporter Solute Carrier Family 30 Member 8 

(Slc30a8) expression, MafA is important for the maturation of -cells after birth. Hence, deletion 

of MafA does not affect embryonic development but after birth it results in the reduction of the -

cell mass and impaired glucose tolerance (C. Zhang et al., 2005).  

2.1.3 Postnatal -cell maturation 

After birth, the -cells undergo several steps to become fully mature cells characterized by 

tightly controlled glucose-stimulated insulin secretion (Susan Bonner-Weir, Aguayo-Mazzucato, 

& Weir, 2016). Therefore, immature -cells have to activate and upregulate their -cell specific 

gene expression dominated by MafA, Nkx6.1, Pdx1 and NeuroD1 and change the metabolism 

from fat to glucose utilization (Bliss & Sharp, 1992; Barak Blum et al., 2012; Stolovich-Rain et 

al., 2015). In addition, the islets undergo structural re-arrangements to form their compacted 

core and mantle architecture (Jo et al., 2011).  

Compared to mature -cells, immature -cells possess several unique characteristics, which are 

summarized in Table 2.1. The most obvious feature of immature -cells is their reduced 

glucose-stimulated insulin secretion upon high glucose concentrations (Asplund, Westman, & 

Hellerström, 1969; Grasso, Saporito, Messina, & Reitano, 1968; Hole, Pian-Smith, & Sharp, 

1988; Obenshain et al., 1970). In addition, immature -cells display a “leaky” insulin secretion 

resulting in an increased insulin secretion at basal glucose levels compared to mature -cells 

(Bliss & Sharp, 1992; Barak Blum et al., 2012). Due to the reduced glucose-stimulated and 

“leaky” insulin secretion, young mice and human infants face several hypoglycaemic and 

hyperglycaemic episodes (Aguayo-Mazzucato et al., 2013; Yoon et al., 2015). These altered 

insulin secretion of immature compared to mature -cells are the consequence of different 
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reasons. First, these immature cells express lower levels of -cell specific transcription factors, 

transporter, hormones, and enzymes as compared to mature cells (Table 2.1). Second, the 

metabolism of immature -cells is based on anaerobic glycolysis (Asplund & Hellerström, 1972; 

Boschero, Bordin, Sener, & Malaisse, 1990; C. Gu et al., 2010; Jermendy et al., 2011) resulting 

in less ATP production and thereby reduced GSIS (Rozzo, Meneghel-Rozzo, Delakorda, Yang, 

& Rupnik, 2009). Lastly, high Npy levels in immature -cells further decreases the GSIS by 

inhibition of the adenylyl cyclase (Imai et al., 2007; Whim, 2011). 

Table 2.1: Overview of immature -cell characteristics compared to mature -cells 

 Immature -cell 

Decreased 
gene 
expression 

Transcription factors: MafA, Pdx1, NeudoD1, Ins2 (Aguayo-Mazzucato et al., 
2011; C. Gu et al., 2010; L. Guo et al., 2013; Jermendy et al., 2011) 

Transporter & hormones: Slc2a2, Ins2, Slc2a1 (Aguayo-Mazzucato et al., 2011, 
2013; Jermendy et al., 2011) 

Enzymes: Pcsk1/3, Gck, Pc (Aguayo-Mazzucato et al., 2013; Jermendy et al., 
2011; Tan, Tuch, Tu, & Brown, 2002) 

Increased 
gene 
expression 

Transporter & hormones: Npy, Cpt1, Slc27a5 (Imai et al., 2007; Jermendy et al., 
2011)  

Enzymes: Ldha (Boschero et al., 1990; C. Gu et al., 2010; Jermendy et al., 2011) 

Others: Mmp2, Ck19, Spd (Aye, Toschi, Sharma, Sgroi, & Bonner-Weir, 2010) 

Metabolism 

Increased baseline oxygen consumption                                                       
(Asplund & Hellerström, 1972; Boschero et al., 1990; Hughes, Suzuki, & Goto, 
1994) 

Increased anaerobic glycolysis                                                                               
(Asplund & Hellerström, 1972; Jermendy et al., 2011) 

Poor oxidative metabolism in response to glucose                                                    
(C. Gu et al., 2010; Hole et al., 1988; Rozzo et al., 2009) 

Lack of controlled fatty acid oxidation (P Rorsman et al., 1989) 

Increased long chain fatty acid transport (Jermendy et al., 2011) 

Function 

Decreased insulin secretion to glucose                                                                      
(Asplund et al., 1969; Hole et al., 1988; Obenshain et al., 1970) 

Increased insulin secretion upon low glucose                                                                       
(Bliss & Sharp, 1992; Barak Blum et al., 2012) 

Increased basal insulin secretion and resting membrane potential leading to an 
increased insulin secretion at basal glucose levels (Rozzo et al., 2009) 

Monophasic insulin secretion (Freinkel et al., 1984; Hughes, 1994) 

Decreased cAMP response to glucose (Grill, Asplund, Hellerström, & Cerasi, 
1975) 

Organization Cord like clusters – not compacted islets (M; Hara et al., 2006; Miller et al., 2009) 

Starting from these poorly responsive, fetal and immature -cells (P Rorsman et al., 1989), the 

cells undergo dramatic functional maturation during the first 3 weeks of life in rodents (Bliss & 

Sharp, 1992; Otonkoski, Andersson, Knip, & Simell, 1988; Otonkoski, Knip, Wong, & Simell, 

1991) which can be separated in 2 different main phases (Figures 2.3 and 2.4).  
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The first wave of -cell maturation starts right after birth, when the pups begin to maintain their 

own blood glucose level, and lasts until ~ 2 weeks after birth. This first maturation period is 

dominated by a tighter control of their GSIS through increased GSIS and reduced insulin 

secretion at basal glucose levels (Bliss & Sharp, 1992; Barak Blum et al., 2012). The main 

cause of this improvement is the increase in the expression of several key -cell transcription 

factors like MafA, Pdx1 and NeuroD1, which are severely reduced in new born mice (Aguayo-

Mazzucato et al., 2011). Of note, Blum et al. (Barak Blum et al., 2012) identified Urocortin 3 

(Ucn3) as a marker for the first maturation phase. Although the limitation of Ucn3 synthesis to -

cells is still under debate, the number of Ucn3+ -cells increases from ~10% at P1 to almost 

100% at P13 marking the first functional maturation of -cells (Barak Blum et al., 2012). 

Whereas the effect of Ucn3 regulating glucagon, insulin and somatostatin-dependent insulin 

secretion is described (C; Li, Chen, Vaughan, Lee, & Vale, 2007; Chien Li et al., 2003; van der 

Meulen et al., 2015), its function in -cell maturation is not completely understood (van der 

Meulen & Huising, 2014).  

Recently, Stolovich-Rain et al. (Stolovich-Rain et al., 2015) identified another maturation period 

between P18 and P25 upon dietary change from high-fat maternal milk to high-carbohydrate 

chow diet. They revealed that the -cells exhibit an improved GSIS and start to become 

competent for glucose-induced replication after weaning. While the first episode of -cell 

maturation is dominated by the expression of functional -cell genes, weaning does not trigger 

the classical factors of the postnatal -cell maturation besides Pdx1 (Gauthier et al., 2009; 

Stolovich-Rain et al., 2015). In contrast, the improved GSIS is the consequence of a progressive 

and tighter glucose-controlled regulation of the oxidative phosphorylation (Stolovich-Rain et al., 

2015). Whereas islets from neonatal mice are lacking the glycolysis-dependent inhibition of fatty 

acid oxidation (P Rorsman et al., 1989), islets of adult mice exhibit a tightly coupled glycolysis 

and oxidative phosphorylation (MacDonald, 1995). This concept is supported by a study of 

Jermendy et al. (Jermendy et al., 2011) who identified an elevated expression of Cpt1 (carnitine 

palmitoyl transferase 1 – a transporter for long chain acyl-CoA into mitochondria) in neonatal 

mice. Interestingly, the overexpression of this protein decreased the GSIS in vitro (Rubí et al., 

2002). In addition, the active fatty acid transport in -cells switches from the insulin-independent 

fatty acid transporter Slc27a5 (solute carrier family 27 member 5) in neonatal to the insulin-

sensitive long-chain fatty acid transporter Slc27a1 in the -cells of adult rats (Jermendy et al., 

2011). Finally, the dietary change also affects the secretion of intestine-derived incretin 

hormones, which enhance GSIS and modulate -cell replication (Campbell & Drucker, 2013). 
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Figure 2.3: Gene expression during different stages of -cell maturation 

Although the -cells undergo two maturation periods characterized by different hallmarks, the 

maturation process continues throughout adulthood (Bliss & Sharp, 1992; Grill, Lake, & 

Freinkel, 1981). Indeed, at P21 genes involved in metabolism still do not reach the levels as in 

the adult mouse. Especially, -cells of 3 weeks old rats still express lower levels of 

mitochondrial NADPH transporter systems (e.g. Gpd2, Got1 and Mdh1) compared to adult -

cells (Jermendy et al., 2011), highlighting the ongoing functional maturation process at this 

stage. 

 

Figure 2.4: Overview of steps and functional hallmarks of -cell maturation 

Whereas the vast majority of reports describe the changes of the -cells during their maturation, 

little importance has been given to the morphological changes occurring during the endocrine 

cell cluster / islet formation over the first 3-4 weeks of life. During this period, these clusters 

undergo several steps that finally lead to the mature islet of Langerhans (M; Hara et al., 2006; 

Jo et al., 2011; Miller et al., 2009): (I) Endocrine progenitors and -cells, which expand by 

replication during post-natal -cell maturation, form cord-like structures along the duct system in 

the embryo. (II) The formation of distinct spherical islets starts at P3 coupled with a decline in 

large interconnected islet-like clusters. Thereby, local lining of -cells create putative cleavage 
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sites in the interconnected islet-like clusters resulting in various islets sizes (Miller et al., 2009). 

(III) Subsequent intra-islet -cell expansion increases the islet volume and supports the 

formation of its spherical shape. After 4 weeks of age, the islet formation is complete to a large 

extent and the islet proliferation reaches low levels independent of the islet size (Miller et al., 

2009). Also sympathetic nervous fibres reach the islets during post-natal -cell maturation by 

following blood vessels, innervating the core of the islet around P20 and continuously increase 

its network until adolescence (Cabrera-Vásquez, Navarro-Tableros, Sánchez-Soto, Gutiérrez-

Ospina, & Hiriart, 2009). 

Although the postnatal maturation process has been already characterized using different 

markers like Ucn3, the pathways underlying this process are incompletely understood. In 

addition, too little is known about the establishment of the islet architecture and -cell 

organization and its connection to -cell maturation and function. 

2.1.4 Unique features of mature -cells 

To accomplish its central role in maintaining physiological blood glucose levels, the mature -

cell has to comply with various functions. First, the expression of the -cell specific signature 

needs to be active. The high expression of key transcription factors like Pdx1, NeuroD1 and 

MafA are necessary to maintain Insulin expression by synergistically activation of its promoter 

(C. Gu et al., 2010; D Melloul, Marshak, & Cerasi, 2002; C. Zhang et al., 2005). Especially, 

Pdx1 was shown to maintain maturity in -cells in the adult mice (Ahlgren et al., 1998; Holland 

et al., 2002; Danielle Melloul, Tsur, & Zangen, 2002). In addition, the glucose transporter 2 

(Glut2), metabolic enzymes of glycolysis, TCA-cycle and oxidative phosphorylation together with 

the insulin secretion machinery needs to be highly expressed to allow proper GSIS (Jermendy 

et al., 2011; Stolovich-Rain et al., 2015). Besides the unique gene expression signature in -

cells, the GSIS is also affected by the actin cytoskeleton. The modulating effect of F-actin on 

insulin secretion in -cells was described already in the 1980s. The actin filament network 

functions on the one hand as a transport framework and on the other hand as barrier for granule 

exocytosis. Consequently, the depolymerisation of F-actin promotes the exocytosis of insulin but 

affects the biphasic insulin secretion by diminishing the second phase (Howell & Tyhurst, 1986; 

Malaisse-Lagae et al., 1979).  

The GSIS has to fulfil several characteristics: (I) almost undetectable insulin secretion at low 

blood glucose levels (<3 mM) and (II) a dose dependent elevation of insulin secretion upon 

increased stimuli (Barak Blum et al., 2012). Thereby, the insulin secretion curve is composed of 

a peak-shaped first phase and coordinated, pulsed second phase (Figure 2.5a) (Bergsten, 

1995; Song et al., 2002). The first phase (5-10 min) employs pre-docked insulin granules that 

are called the “ready releasable pool” resulting in a short, boosted insulin secretion peak 

(Daniel, Noda, Straub, & Sharp, 1999; Shi et al., 2000). In contrast, the second phase (>30 min) 

is dominated by the recruitment of insulin granules to the membrane leading to a long steady 

insulin secretion. This phase remains active until physiological glucose levels are restored 

(Patrik Rorsman & Braun, 2013).  
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Figure 2.5: Schematic overview of GSIS in mature -cells.  

(a) Biphasic insulin secretion, (b) triggering and amplifying pathways of GSIS 

The glucose-stimulated insulin secretion is the result of an active triggering pathway (K+-

dependent) and an amplifying pathway (K+-independent) (Figure 2.5b) (Jean-Claude Henquin, 

2009; Straub & Sharp, 2002). The triggering pathway starts with the influx of glucose through 

Glut2, which activates the glucose metabolism and increases the cytosolic ATP/ADP ratio 

(Jean-Claude Henquin, 2009). The cell membrane is depolarized by ATP-dependent closing of 

the K+-transporter Kir6.2 and thereby opening of the voltage gated Ca2+ channels (Jean-Claude 

Henquin, 2009). The subsequently elevation of Ca2+ levels supports the docking of the insulin 

granules to the plasma membrane (Jean-Claude Henquin, 2009; P Rorsman & Renström, 

2003). In contrast to the triggering pathway, the amplifying pathway functions independent of 

K+-induced membrane depolarization. Although this pathway can also be activated in the 

absence of the K+-dependent pathway, it mainly serves to optimize and fine-tune the insulin 

secretion upon glucose and non-glucose stimuli (J. C. Henquin, 2000; J-C Henquin, 2011). 

Amplifying factors include upon others ATP/ADP, GTP/GDP, NADPH/NAD+, acetyl-CoA and 

amino acids (Maechler, 2013; Maechler & Wollheim, 1999; M Prentki et al., 1992). 

Of note, pancreatic -cells exhibit a primary cilium (Green, 1980; Theret & Tamboise, 1963) 

which functions as a cellular signalling hub in a variety of cell types (Singla & Reiter, 2006). Its 

implication in -cell function was shown by a blunted 1st phase of insulin secretion upon 

perturbance of the primary cilium (Gerdes et al., 2014). In addition, the localization of 

somatostatin receptor (Sstr3) and glucose-mediated transport of the glucose transporter (Glut2) 

to the primary cilium further underlines its role in -cells (Gerdes et al., 2014; Iwanaga, Miki, & 

Takahashi-Iwanaga, 2011).  

2.1.5 -cell proliferation during growth, pregnancy and aging 

Diabetes is characterized by a loss of functional -cells during the progression of the disease. In 

this regard, the expansion of functional -cells is of great interest to re-establish the 

endogenous -cell mass and overcome hyperglycaemia and secondary Diabetes complications. 
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Thereby, understanding the mechanisms of -cell replication upon physiological conditions 

might shed light on possible treatments to activate -cell expansion.  

The physiological proliferation of pancreatic -cells peaks postnatally, to provide appropriate 

numbers of -cells and severely drops upon full-growth and upon aging (Figure 2.6a) (Kaung, 

1994; Teta, Long, Wartschow, Rankin, & Kushner, 2005; R. N. Wang, Bouwens, & Klöppel, 

1994). However, during increased demand like pregnancy or -cell ablation the -cells develop 

an increased capacity of proliferation (H. Kim et al., 2010; Parsons, Brelje, & Sorenson, 1992; 

Teta, Rankin, Long, Stein, & Kushner, 2007).  

 

Figure 2.6: -cell proliferation during growth, pregnancy and aged mice.  

(a) Schematic course of age dependent -cell replication               

(b) overview of important regulators of -cell proliferation 

Starting from birth, the -cell proliferation increases dependent on the strength of the organism 

growth (Kaung, 1994; H. Zhang et al., 2006). Whereas CyclinD2 and FoxM1 reach their highest 

levels during the neonatal stages (H. Zhang et al., 2006), p27 and p16INK4a expressions are 

almost absent (Figure 2.6b) (Uchida et al., 2005). Whereas the -cells exhibit a high 

proliferation rate before weaning, the -cells gain the ability of compensatory proliferation only 

after weaning (Stolovich-Rain et al., 2015).  

The -cell replication in rodents and humans shows a dramatic age-dependent decrease after 

the neonatal period and thereby a severe decline in tissue regeneration (Teta et al., 2005; 

Tschen, Dhawan, Gurlo, & Bhushan, 2009). Main driver for this decline is the expression and 

accumulation of the tumour suppressor and effector of senescence p16INK4a (Chen et al., 2009; 

Dhawan, Tschen, & Bhushan, 2009; J. Krishnamurthy et al., 2006). The overexpression of this 

protein results in reduction in proliferation rate whereas its ablation increases islet proliferation 

in aged mice (J. Krishnamurthy et al., 2006). In addition, dietary intake such as high levels of 

free fatty acids prevents -cell replication by inducing the expression of p16INK4a and p18 (Harb, 

Vasavada, Cobrinik, & Stewart, 2009; J. Krishnamurthy et al., 2006; Pascoe et al., 2012). 

Although -cells of old mice retain the ability to proliferate, the induced proliferative response is 

low (Rankin & Kushner, 2009; Stolovich-Rain et al., 2015; Tschen et al., 2009). 

Pregnancy is, besides diet-induced obesity, the only physiological trigger to increase the -cell 

replication. Although the published -cell proliferation profiles are slightly different from each 

other, the proliferation peaks between G11 and G15 in mice (Rieck et al., 2009; Zhao, 2014). 
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The main causes for the elevated islet cell mass and -cell proliferation are increased levels of 

placental lactogens and prolactin (Karnik et al., 2007; Parsons et al., 1992). These factors 

trigger -cell replication via the prolactin receptor, which activates the Jak/Stat pathway 

(Sorenson & Brelje, 2009) resulting in an increased expression of CyclinB1/2 and mki67 (Rieck 

et al., 2009). Incidentally, the -cell proliferation during pregnancy is independent of Ngn3 re-

expression suggesting the absence of -cell neogenesis (Zhao, 2014). In addition, pregnancy 

also improves the GSIS by acting on pathways involved in metabolic processes and cell-cell 

communication (Rieck et al., 2009) triggering the expression of Insulin, Slc2a2 and Gck (Petryk, 

Fleenor, Driscoll, & Freemark, 2000; Sorenson & Brelje, 2009; Weinhaus, Stout, Bhagroo, 

Brelje, & Sorenson, 2007). The increased metabolic activity of -cells during pregnancy further 

leads to cell size growth (hypertrophy) of ~25% (Dhawan et al., 2009). Besides the effects of 

Prolactin, the elevated expression of Hgf in endothelial cells during pregnancy also influences 

the -cell proliferation (M. Johansson, Mattsson, Andersson, Jansson, & Carlsson, 2006). 

Additionally, the endothelial cell proliferation, which peaks at G10, is tightly linked to endocrine 

cell proliferation in the islets (described in 2.2.3) (M. Johansson et al., 2006).  

 

2.2 Islet architecture and -cell surrounding environment 

The -cells undergo several important developmental and maturation steps to become fully 

mature and functional -cells. However, as important as -cell maturation is the establishment 

of the -cell environment, which is essential to facilitate a proper GSIS and ensure the mature -

cell phenotype. In the adult islet at least four possible cell-cell interaction modes can be 

observed: endocrine-endocrine-, endocrine-endothelial-, endocrine-mesenchymal- and 

endocrine-neuronal cell interaction (Roscioni, Migliorini, Gegg, & Lickert, 2016).  

2.2.1 Endocrine-endocrine interaction 

Cell-cell contacts between endocrine cells are very important for their optimal functionality. 

When compared to intact islets, single -cells exhibit an increased GSIS at basal level and a 

decreased secretion at high glucose concentrations (Benninger, Zhang, Head, Satin, & Piston, 

2008; Salomon & Meda, 1986). This perturbed insulin secretion vanishes again after re-

aggregation highlighting the importance of cell-cell interactions for -cell function (P A Halban et 

al., 1982; Hauge-Evans, Squires, Persaud, & Jones, 1999).  

Adhesion molecules like epithelial (E-)cadherin are important to build up an epithelial structure 

via cell-cell contacts. The involvement of these molecules in -cell function is underlined by 

reduced E-cadherin levels in type 2 diabetic animal models (Cirulli, 2015; Falcão et al., 2016; 

Shih et al., 2002), perturbed Ca2+ oscillations and GSIS upon deletion of this adhesion molecule 

(Yamagata et al., 2002). In addition, the neuronal adhesion molecule NCAM has been 

suggested to regulate insulin secretion by modulating the cortical actin filament network in -

cells (Olofsson et al., 2009). In line, mice lacking NCAM-120 expose abnormal islet architecture 

with random distribution of -cells, higher basal and lower glucose-stimulated insulin secretion 
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together with an impaired glucagon secretion at low glucose levels (Esni et al., 1999; Olofsson 

et al., 2009). 

Whereas gap junctions are less essential for cell-cell adhesion, they are key players for the -

cell function by synchronizing GSIS (Rosario, Atwater, & Scott, 1986). The gap junctions built by 

connexion 36 (Cx36) were identified as major mediators of small molecules and ion transport 

between individual -cells (Charpantier, Cancela, & Meda, 2007; Quesada et al., 2003; Theis et 

al., 2004). In detail, these channel-shaped junctions facilitate the cell-to-cell diffusion of the 

secondary messenger Ca2+ in interconnected -cells (Berridge, Lipp, & Bootman, 2000) and 

thereby, synchronize the pulsative 2nd and potentiate the 1st phase of the GSIS (Head et al., 

2012). Accordingly, the knockout animals of Cx36 revealed asynchronous Ca2+ oscillations and 

reduced first and second phases of insulin secretion (Ravier et al., 2005) similar to isolated -

cells (Benninger et al., 2008; Stephan Speier, Gjinovci, Charollais, Meda, & Rupnik, 2007). The 

importance of -cell coupling was further underlined by the heterogeneous expression of non-

functional Gck or Kir6.2 in -cells. Although the insulin secretion was severely reduced in the 

affected -cells (30% of all -cells), the total insulin secretion of the islet was unaffected (Piston, 

Knobel, Postic, Shelton, & Magnuson, 1999; J. V. Rocheleau et al., 2006).  

Finally, a functional EphA-ephrin-A contact-dependent signalling system also appears to be 

necessary for a normal GSIS (Konstantinova et al., 2007). Whereas phosphorylated EphAs 

suppresses insulin secretion upon low glucose concentrations, the interaction of 

dephosphorylated EphA and ephrin-A stimulates insulin secretion (Konstantinova et al., 2007). 

2.2.2 Effect of the nervous system on -cells 

Pancreatic islets are innervated by parasympathetic and sympathetic nervous system, which 

travel along the vasculature network (B. Ahrén, 2000; Susan Bonner-Weir & Weir, 2005). In 

turn, the pancreatic -cells express and expose receptors for autonomic neurotransmitter on 

their plasma membrane (Dunning, Ahrén, Veith, & Taborsky, 1988; Dunning & Taborsky, 1988) 

through which both autonomous nervous systems are able to modulate the -cell function (B. 

Ahrén, 2000). The sympathetic nervous system supports the establishment of islet architecture 

and -cell maturation during development and blocks insulin secretion in the adult (Borden, 

Houtz, Leach, & Kuruvilla, 2013; Gautam et al., 2008). In contrast, the parasympathetic 

innervation promotes GSIS by potentiation of the insulin secretion and activates -cell 

replication in adult animals (B. Ahrén, 2000; Gautam et al., 2008; Kiba, 2004; B; Thorens, 

2011). Of note, mouse and human islet innervation is largely different. In contrast to rodent 

islets, human islets are less innervated by both autonomous nervous systems. Moreover, the 

sympathetic fibres control the blood flow rather than acting directly on endocrine cells 

(Rodriguez-Diaz et al., 2011).  

2.2.3 Endocrine-endothelial cell interaction 

The -cell maturity, proliferation and function are not only ensured by contacts to other 

endocrine cells, but also by their interaction with endothelial cells. Pancreatic islets are densely 

vascularized due to their high expression levels of vascular endothelial growth factor A (VEGF-
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A) (M; Brissova et al., 2006; Lammert et al., 2003). Thereby, the islets receive five times more 

blood supply than the exocrine tissue (S Bonner-Weir & Orci, 1982; Christofori, Naik, & 

Hanahan, 1995). Besides the important nutrient and oxygen supply, fast sensing of blood 

glucose levels and distribution of the secreted insulin, endocrine cells and endothelial cells 

benefit from each other.  

The -cells express and secrete high levels of Vegf-a (Peiris, Bonder, Coates, Keating, & 

Jessup, 2014; Vasir et al., 1998) which is important for endothelial cell proliferation, migration, 

survival and in turn for the -cell mass (Xiao et al., 2013). Vedf-a expression is regulated inter 

alia upon hypoxia and glucose (Vasir et al., 1998). In addition, Angiopoietin-1 (Ang-1), which is 

expressed in -cells, protects endothelial islet cells from inflammatory response and regulates 

the integrity of blood vessels (Brindle, Saharinen, & Alitalo, 2006; M; Brissova et al., 2006). In 

contrast, endothelial cells express and secrete Hepatocyte Growth Factor (Hgf) (Olsson & 

Carlsson, 2006) mediating -cells survival, differentiation, glucose sensing and proliferation 

(García-Ocaña et al., 2001). Additionally, the secreted Thrombospondin-1 and Endothelin-1 

from endothelial cells improve the GSIS in -cells (Gregersen, Thomsen, Brock, & Hermansen, 

1996; Olerud et al., 2011). The -cell maturation, proliferation and formation of the islets in 

young animals are also supported by the secretion of connective tissue growth factor of 

endothelial cells during development (Guney et al., 2011). 

Another beneficial effect of endothelial cells is the formation of the basal membrane supporting 

the architecture of the vessel and the islet. Thereby, the direct interaction of -cells and 

endothelial cells via the vascular basement membrane is affecting the Insulin gene expression 

and protein translation as well as GSIS and proliferation (Jabs et al., 2008; Nikolova et al., 

2006). Interestingly, collagen–integrin binding indirectly affects Pdx1 expression, which is 

important for -cell function, identity and survival (M. Krishnamurthy et al., 2011; Riopel et al., 

2011). Further components of the basal membrane, such as Laminins and Fibronectin, are 

involved in -cell differentiation and insulin secretion (Daoud, Rosenberg, & Tabrizian, 2010; 

Saleem et al., 2009). In addition, heparin sulphate is expressed at high levels in mouse islets 

(M. Krishnamurthy et al., 2011) and protects -cells from reactive oxygen species (Ziolkowski, 

Popp, Freeman, Parish, & Simeonovic, 2012).  

Altogether, the summary of the heterotypic and homotypic cell-cell contacts forms the optimal 

environment for proper -cell function and mass. Moreover, this complex environment is the 

basis of -cell orientation and polarization in the higher three-dimensional (3D) architecture of 

the islet of Langerhans. 

2.2.4 Polarization of -cells in the islet of Langerhans 

Pancreatic -cells exhibit an organized actin network, extensive cell-cell connections via gap, 

tight, adherent junctions and a primary cilium. In addition, the islets are highly vascularized 

resulting in a basal lamina in close proximity of almost all -cells. Although, the -cells are not 

arranged according to the classical apical-basal polarity (Kasai, Hatakeyama, Ohno, & 

Takahashi, 2010; Konstantinova & Lammert, 2004), they are organized in a polarized manner 
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exhibiting different functional membrane domains (Gan et al., 2016; Geron, Boura-Halfon, 

Schejter, & Shilo, 2015). 

The first evidence of polarization among endocrine cells was provided by an electron 

microscopy based study of pancreatic sections from Susanne Bonner-Weir in 1988. The -cells 

are organized in rosette-like structures around blood vessels (S Bonner-Weir, 1988). Thereby, 

the cell domain faces the basal membrane and the blood vessel is defined as the basal part 

(Figure 2.7) (Granot et al., 2009; Nikolova et al., 2006). The first identified asymmetrically 

localized protein in -cells was Glut2, which is enriched at the microvilli-containing lateral sides 

of the -cell (L Orci, Thorens, Ravazzola, & Lodish, 1989). Furthermore, these lateral cell 

membrane domains expose edges of accumulated F-actin, E-cadherin and Eph/Ephrin (Geron 

et al., 2015). These sites were described as centres of cell adhesion and are thereby important 

for -cell polarity and morphology. Moreover, the apical-lateral domain in -cells is hosting the 

primary cilium and the tight junction complex (Gan et al., 2016; Granot et al., 2009). This 

accumulated functional compartmentation of the cell membrane also affects the hormone 

secretion, which is directed to the basal part of -cells towards the capillary (Low et al., 2014).  

One of the core polarity proteins in -cells is the Liver Kinase B1 (Lkb1), a central regulator of 

cell polarity and energy metabolism in different tissues and in -cells (Kone et al., 2014). Lkb1 

for instance is important for the establishment of polarity in pancreatic acinar cells (Hezel et al., 

2008), intestinal epithelial cells (Baas, Smit, & Clevers, 2004) and axons (Barnes et al., 2007; 

Shelly, Cancedda, Heilshorn, Sumbre, & Poo, 2007). The deletion of this protein in -cells 

impairs cell polarization and function (Alessi, Sakamoto, & Bayascas, 2006; Granot et al., 2009). 

In particular, -cells from Lkb1-knockout mice display miss-localization of cell nucleus and 

primary cilium in the rosette-like structures and an altered the GSIS (Granot et al., 2009). 

However, the effect of Lkb1 on polarity cannot be separated from its role in the proliferation, 

insulin secretion and metabolism in -cells (Accalia Fu et al., 2009; Kone et al., 2014; Swisa et 

al., 2015). 

 

 

 

 

 

 

Figure 2.7: Scheme of protein and 

organelle localization in polarised 

rosette-like structured -cells 
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2.2.5 The role of planar cell polarity in -cells 

The islet of Langerhans is a three dimensional structure of apical-basal polarized endocrine 

cells around endothelial cells. However, the existence and degree of planar cell polarity (PCP) 

in -cells is still under debate due to the lack of basic characteristics like a plane epithelium and 

a perpendicular axis (Seifert & Mlodzik, 2007). PCP, also known as non-canonical Wingless-

Type (Wnt) pathway, shares several proteins like Dishevelled (Dvl) and Frizzled (Fzd) with the 

canonical Wnt pathway (Kikuchi, Yamamoto, Sato, & Matsumoto, 2011). Whereas the activation 

of the canonical Wnt pathway is based on the stabilization of cytoplasmic -catenin, the non-

canonical pathway activates the Jun kinase pathway and the small GTPases Rac and Ror 

resulting in cytoskeletal rearrangements (Marlow, Topczewski, Sepich, & Solnica-Krezel, 2002; 

D. I. Strutt, Weber, & Mlodzik, 1997). PCP in tissue, characterized by asymmetrically 

localization of PCP core components to define anterior and posterior cell sides, was originally 

identified in Drosophila (Bastock, Strutt, & Strutt, 2003; H; Strutt & Strutt, 2009; Helen Strutt & 

Strutt, 2008). In the mouse, Fzd and Dvl are localized on one lateral side whereas the Van 

Gogh like (Vangl) and Prickle (Pk) complex is localized on the other lateral side. This 

asymmetric protein complex localization is stabilized by Cadherin EGF LAG Seven-Pass G-

Type Receptors (Celsr1-3) (Helen Strutt & Strutt, 2008). Moreover, the cilium and PCP have a 

two-way communication. Whereas planar cell polarity is orientating the cilium (Ross et al., 

2005), the cilium serves as sensor for PCP establishment (Jones et al., 2008). In addition, PCP 

plays a role in apical actin cytoskeleton organization and cilia localization through its core 

components Inturned and Fuzzy as well as actin modulators like Ezrin and Ras Homolog 

Familiy Member A (RhoA) (Park, Mitchell, Abitua, Kintner, & Wallingford, 2008). In turn, 

overexpression of non-functional Ezrin in -cells results in granule transport and secretion 

defects (Lopez, Turner, & Philipson, 2010). Physiological activators of Wnt/PCP signalling are 

Wnts such as Wnt4 (Krützfeldt & Stoffel, 2010; Wu, Roman, Carvajal-Gonzalez, & Mlodzik, 

2013), Wnt5a (Kurayoshi et al., 2006; A. Sato, Yamamoto, Sakane, Koyama, & Kikuchi, 2010) 

and Wnt11 (Bisson, Mills, Paul Helt, Zwaka, & Cohen, 2015). 

One important study supporting the involvement of PCP during the development of pancreatic 

endocrine cells was done by Cortijo et al. (Cortijo, Gouzi, Tissir, & Grapin-Botton, 2012). By 

deletion of two PCP core genes, Celsr2 and Celsr3, they observed during early pancreas 

development severe endocrine differentiation defects resulting in a reduction of hormone- 

expressing cells. However, single Ceslr3 gene deletion affects only the differentiation of Insulin-

producing cells whereas the other endocrine cell types and the pancreas size grow normally.  

Besides the non-canonical Wnt signalling in the embryonic pancreas (Cortijo et al., 2012; Heller 

et al., 2002; Rodríguez-Seguel et al., 2013), some evidence for PCP activity in the adult 

pancreas are described: (I) Wnt4, a non-canonical Wnt ligand, is expressed in the adult islets 

which inhibits canonical Wnt signalling (Krützfeldt & Stoffel, 2010); (II) downstream effectors of 

Wnt/PCP like RhoA/ROCK or Jnk phosphorylation affects GSIS (Lanuza-Masdeu et al., 2013; 

X. Liu et al., 2014); (III) Atf2, involved in PCP (Schambony & Wedlich, 2007), interacts with 

important -cell transcription factors like MafA, Pdx1 and NeuroD1 (Han, Yasuda, & Kataoka, 

2011) in mature -cells; (IV) the classical cell polarity proteins Scribble and Dlg exhibit a local 

enrichment along the basolateral membranes (Gan et al., 2016). Although several hints for PCP 
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in -cells were reported, no clear proof of active PCP signalling and its implication in -cell 

maturation and function have been reported until now. 

2.2.6 The expression and function of Flattop 

Flattop (Fltp; 17000009p17Rik; Cfap126) was discovered in a microarray-based screen to 

identify potential Forkhead box A2 (FoxA2) target genes in the endoderm germ layer (Tamplin 

et al., 2008). The murine gene is localized on chromosome 1 and consists of 6 exons. The 

spliced mRNA codes for an Open-Reading Frame (ORF) of 567 bases that are translated into 

189 amino acid long protein containing an N-terminal SH3 domain and a C-terminal proline rich 

repeat (Gegg et al., 2014). In adult tissues, Fltp is expressed in regions of active Wnt/PCP 

signaling and among definitive endoderm-derived organs, such as multiciliated epithelial cells in 

the lung and sensory hair cells in the auditory system (Gegg et al., 2014; Lange et al., 2012). 

Interestingly, the global deletion of Fltp results in reported PCP phenotypes like malfunction of 

stereocilia hair bundle orientation in the inner ear (Gegg et al., 2014). Additionally, delayed 

basal body docking in multiciliated tracheal cells of the lung was observed (Gegg et al., 2014). 

In the these tissues, the PCP effector molecule Fltp genetically interacts with Celsr1 and is co-

localized with the core PCP component Discs large 3 (Dlg3) at the basal body supporting the 

basal body positioning (Figure 2.8) (Gegg et al., 2014). Together with the interaction of Fltp with 

proteins on the microtubule plus ends and cortical actin cytoskeleton, Fltp is needed for a 

efficient basal body docking and positioning. Although Fltp expression, via lacZ staining, was 

identified in the islets of Langerhans (Lange et al., 2012), its role and abundance was not 

investigated until date. 

 

Figure 2.8: Model of Fltp 

function in multiciliated 

cells (modified from 

Gegg et al. PhD thesis):  

Fltp binds to Dlg3 and 
proteins of the Basal Body 
(BB). To position the cilia 
the BB-Fltp-Dlg3-Nedd4(-
2) complex associates 
with Dynein which allows 
transport of this complex 
to the cell membrane. 
There Fltp interacts with 
apical actin 
(Abbreviations: adherens 
junction (AJ); microtubule 
(MT); endoplasmic 
reticulum (ER); junctional 
adhesion molecule (JAM)) 
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2.3 Restoring the functional -cell mass upon diabetes in the adult pancreas  

The transplantation of islets from cadaveric donors is the approach to reduce the need of insulin 

administration in patients suffering from severe Diabetes (Philippe A. Halban et al., 2010). 

Besides the -cell replacement therapy, the endogenous regeneration of the functional -cell 

mass is the most promising approach to reduce the complications and ultimately cure diabetes. 

Thereby, three different avenues are followed: (I) Trans-differentiation of non--cells towards -

cells, (II) re-differentiation of dysfunctional -cells (reviewed in 2.3.2) and (III) replication of 

existing -cells (reviewed in 2.3.2).  

Although, the basic concept of trans-differentiation was revealed long ago, this concept was 

only deeply characterized in the last years (Slack, 2007; Vierbuchen & Wernig, 2011). Hence, 

the advantage of trans-differentiation is the availability of non--cells even upon Type I Diabetes 

(Foulis & Stewart, 1984). Whereas trans-differentiation of other endocrine cells to -cells are a 

rare event upon -cell ablation (Chera et al., 2014; Chung & Levine, 2010; Thorel et al., 2010), 

the conversion of exocrine cells to -cells is still mainly based on viral delivery of -cell 

transcription factors (Heremans et al., 2002; Lee et al., 2013; W. Li et al., 2014; Zhou & Melton, 

2008). In contrast, protocols of -cell re-differentiation and replication are exclusively based on 

small molecule triggered endogenous pathways. However, on the way to regenerate the -cell 

mass are still several hurdles to overcome (Puri, Folias, & Hebrok, 2015).  

2.3.1 Diabetes induced -cell de-differentiation 

The progression of Type 2 Diabetes (T2D) is characterized by a gradual decrease of functional 

-cells (Gordon C Weir & Bonner-Weir, 2004). One cause of T2D is the development of 

peripheral insulin resistance leading to an over-production and -secretion of insulin to 

compensate the increased insulin needs and ends with a severely reduced number of functional 

-cells (S. Guo et al., 2013; Gordon C Weir & Bonner-Weir, 2004). Thereby, the elevated 

metabolic and functional activity of the -cells result in -cell dysfunction (Gordon C Weir & 

Bonner-Weir, 2004) which is most likely caused by oxidative stress, high levels of glucose and 

lipids and inflammatory cytokines (S. Guo et al., 2013; Jonas et al., 1999; M Prentki et al., 1992; 

Marc Prentki & Nolan, 2006). These de-differentiated and dysfunctional -cells exhibit an altered 

-cell gene expression signature characterized by a low expression of -cell specific 

transcription factors (S. Guo et al., 2013), Glut2 (Johnson et al., 1990; L; Orci et al., 1990; B 

Thorens, Weir, Leahy, Lodish, & Bonner-Weir, 1990) and E-cadherin protein levels (Cirulli, 

2015; Falcão et al., 2016; Shih et al., 2002). Subsequently, these alterations result in a reduced 

GSIS (Kahn, Hull, & Utzschneider, 2006; Marx, 2002), characterized by a decreased first and 

second insulin secretion phase (Pørksen et al., 2002). Therefore, the identification of potential 

pathways involved in -cell de-differentiation and/or re-differentiation/maturation might be the 

key to understand diabetes progression in mice and man.  

The pancreatic -cells are highly metabolic active and therefore require stable and high 

amounts of oxygen (Bensellam et al., 2012; Y. Sato et al., 2011). However, slightly diminished 

oxygen supply (<5% oxygen) reduces the -cell specific gene expression signature e.g. Foxa2, 

MafA, Pdx1, NeuroD1, Glut2 and Ins1 and leads to a hypoxic response in isolated islets (Figure 
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2.9) (Y. Sato, Inoue, Yoshizawa, & Yamagata, 2014; Vasir et al., 1998). The cellular response to 

the oxygen level is accomplished by the deletion of the protein von hippel-lindau (Vhlh) which 

marks Hypoxia inducible factors (Hif) for proteasomal degradation (Ivan & Kaelin, 2001; Kaelin, 

2008; Semenza, 2014). The specific deletion of Vhlh in pancreatic -cells resulted in pseudo-

hypoxic conditions in these cells (Puri, Cano, & Hebrok, 2009). Thereby, the -cells shift their 

metabolism to the anaerobic pathway and exhibit a decreased -cell mass, which manifests in 

severe glucose intolerance (Puri et al., 2009; Zehetner et al., 2008). Similar to the low oxygen 

induced hypoxia, the expression of key -cell markers like Ins1, Ins2, Pdx1, MafA, Glut-2, 

Nkx6.1, NeuroD1 were reduced (Puri, Akiyama, & Hebrok, 2013; Puri et al., 2009). Moreover, 

these Vhlh-/- cells express proteins, which are present in the multipotent progenitor cells like 

Sox9, Glut1 and Ldha implying a partial re-activation of their embryonic program (Puri et al., 

2013). Although hypoxia mainly affects the -cell function, the hypoxic treatment of an 

embryonic rat pancreas severely decreases the -cell differentiation (Heinis et al., 2010). 

Interestingly, islets of diabetic patients exhibit similar features like elevated expression of SOX9, 

HNF6 and HIF compared to -cells suffering of hypoxia (Gunton et al., 2005; Levisetti & 

Polonsky, 2005; G. Weir et al., 2009) which supports the hypothesis that hypoxia might 

contribute to the T2D progression. 

 

Figure 2.9: Characteristics of -cell de-differentiation upon Type 2 Diabetes mellitus 

Besides hypoxia, -cell de-differentiation can be triggered by the activation of different signalling 

pathways (Figure 2.10). Whereas the strictly regulated Hedgehog pathway (Hh) is necessary for 

a proper -cell function (Lau & Hebrok, 2010; Thomas, Rastalsky, Lee, & Habener, 2000), the 

artificial activation of (Hh) initiates -cell de-differentiation resulting in the expression of Hes1 

and Sox9 (Landsman, Parent, & Hebrok, 2011). Interestingly, reduced oxygen levels activate 

upon others Hh signalling (Onishi et al., 2011) providing a possible connection of hypoxia and 

Hh mediated -cell de-differentiation. In contrast to the adult pancreas, Notch signalling is active 

only during embryogenesis in a time-restricted manner (Apelqvist et al., 1999; Jensen et al., 

2000). Similar to the induction of NGN3 in embryonic stages, NOTCH reactivation in the adult 

pancreas results in -cell de-differentiation in humans (Yael Bar, Russ, Knoller, Ouziel-

Yahalom, & Efrat, 2008). Whereas the depletion of transcription factors like FoxO1 (Chutima 

Talchai, Xuan, Lin, Sussel, & Accili, 2012) and NeuroD1 (C. Gu et al., 2010) and the activation 

of mentioned pathways are induced by genetically modification, the -cells of isolated islets can 

also be de-differentiated on an adherent substrate and in long term culture (Y Bar et al., 2012; 

Gershengorn et al., 2004; Negi et al., 2012; Russ, Bar, Ravassard, & Efrat, 2008). 
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2.3.2 -cell re-differentiation and replication to restore the functional -cell mass 

Currently, the identification and modulation of pathways to re-differentiate dysfunctional -cells 

is of great interest. Indeed, Blum et al. recently revealed promising signalling pathways and 

molecules to recover functional -cells (B Blum et al., 2014). Whereas the T2D drugs 

(Repaglinide, Tolbutamide) exhibit marginal results, TGF pathway (Alk5 inhibitor 2, SMAD3 

inhibitor) or RET/GFR3 modulation (PHA-739358, BEGFR inhibitor V) restored the -cell gene 

expression (B Blum et al., 2014). Interestingly, the inhibition of TGF signalling in mature -cells 

was already postulated based on the more active TGF signalling in immature -cells and 

diabetic stress (Barak Blum et al., 2012; Smart et al., 2006; Szabat et al., 2011; Szabat, 

Johnson, & Piret, 2010). Besides TGF also the inhibition of the NOTCH pathway is triggering 

-cell re-differentiation in humans (Figure 2.10) (Y Bar et al., 2012). 

 

Figure 2.10: Pathways of -cell de- and re-differentiation 

The simplest way to restore the functional -cell mass would be triggering the expansion of the 

existing and functional -cells. Unfortunately, to achieve this, major challenges, such as the 

slow proliferation rate of -cells in the adult pancreas, need to be solved (Cano et al., 2008; 

Kushner, 2013). Additionally, human -cell replication is difficult to trigger due to their poor 

responsiveness to mitogens identified in rodents like Glp1 analogues, SerpinB1 or Betacellulin 

(Jiao, Le Lay, Yu, Naji, & Kaestner, 2014; Kulkarni, Mizrachi, Ocana, & Stewart, 2012). 

However, disease modelling like pancreatic duct ligation reinforces the -cell replication 

resulting in a robust -cell proliferation (Teta et al., 2005, 2007). While triggers for -cell 

replication are known, an appropriate pathway to induce -cell replication in diabetic patients 

was not identified up to date. 

In summary, -cell regeneration still faces several problems, which might be solved by a better 

understanding of the -cell biology. Especially, an efficient re-differentiation of -cells might be 

achieved upon detailed understanding of the -cell de-differentiation and the postnatal 

maturation process. Thereby, this might shed light on a possible treatment of de-differentiated 

-cells due to T2D. 
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2.3.3 Endocrine cell precursors in adult pancreas with the potential to restore the -cell 

mass 

Besides re-differentiation and replication, putative remaining -cell progenitor populations might 

be involved in restoring the -cell mass in the adult pancreas. Numerous groups performed -

cell proliferation studies, however the existence of -cell progenitors in the adult islets is still 

under debate. Thus, the proliferation of existing -cells was described as the “natural” mode of 

-cell expansion (Brennand, Huangfu, & Melton, 2007; Dor, Brown, Martinez, & Melton, 2004; 

Kopp et al., 2011). In addition, Teta et al. further characterized the -cell proliferation using a 

double DNA analogue-based lineage tracing technique (Teta et al., 2007). They concluded that 

no specialized progenitor contribute to adult -cells and that -cells exhibit a uniform self-

renewal, slowed by a replication refractory period even during acute -cell regeneration (Teta et 

al., 2007). In contrast to that, several groups describe a -cell progenitor in the adult islet 

(Seaberg et al., 2004; Smukler et al., 2011) or pancreas (Dorrell et al., 2014; Huch et al., 2013; 

L; Jin et al., 2014; Liang Jin et al., 2013) using an ex vivo 3D colony forming assay. Whereas 

the precursors in the adult islet are characterized by Inslow, Glut2low and Ngn3 synthesis 

(Seaberg et al., 2004; Smukler et al., 2011), the precursors in the pancreas can be enriched by 

CD133 and CD71 (L Jin et al., 2016) or are marked by Lgr5 expression (Huch et al., 2013). 

Although the origin of these cells is different, they share several characteristics: (I) the 

progenitor cells are low abundant <<1% of the islet or pancreas mass, (II) robust self-renewal by 

colony formation ex vivo and (III) possess multi-lineage potential in vitro. In line with the 

described progenitor population in the adult pancreas, Xu et al. (Xu et al., 2008) showed that 

Ngn3 expression reappears after partial duct ligation in the adult mouse resulting in -cell 

generation from non--cells. Already in the neonatal mouse, the existence of colony-forming 

cells was confirmed by a c-Kit- and c-Met+ population (Suzuki, Nakauchi, & Taniguchi, 2004) 

and by Hoechst 33342- population (Banakh, Gonez, Sutherland, Naselli, & Harrison, 2012). 

Furthermore, in the adult pancreas very low abundant Ghrelin-producing -cells are suspected 

to be a remaining pool of multipotent progenitors (Arnes, Hill, Gross, Magnuson, & Sussel, 

2012).  

Although these colony-forming progenitors were identified and characterized in vitro, there is no 

conclusive evidence that these cells exist in vivo. In addition, their niche was not identified in the 

healthy adult pancreas. Identifying these cells and their location might be a breakthrough in the 

-cell regeneration field. 

2.3.4 Functional intra islet heterogeneity in the adult pancreas 

Besides the <1% -cell progenitors in the islets of adult mice, the -cell pool also shows a wide 

range of functional heterogeneity. In particular, pioneer work in characterizing and describing 

the -cell heterogeneity was done in the group of Daniel G. Pipeleers in rodents. They identified 

specialized -cell subpopulations that differ in glucose responsiveness, insulin secretion and 

NADPH levels (Kiekens et al., 1992; Schuit, In’t Veld, & Pipeleers, 1988; Van De Winkel & 

Pipeleers, 1983). Moreover, further indications for functional heterogeneity were described 

ranging from electrical activity and metabolic coupling (Beigelman, Ribalet, & Atwater, 1977; P; 
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Meda et al., 1991; P Meda et al., 1984) over calcium oscillations (Herchuelz, Pochet, Pastiels, & 

Van Praet, 1991; Jonkers & Henquin, 2001) to insulin secretion (Giordano, Bosco, Cirulli, & 

Meda, 1991; Hiriart & Ramirez-Medeles, 1991; Salomon & Meda, 1986; Stefan, Meda, Neufeld, 

& Orci, 1987; Van Schravendijk, Kiekens, & Pipeleers, 1992). Although the heterogeneity 

among pancreatic -cells was already reported ~50 years ago, the underlying principles are still 

not fully understood (Roscioni et al., 2016). Furthermore, less is known about the specific 

function of the -cell subpopulations. However, Pipeleers establishes a model describing three 

-cell subpopulations with different glucose responsiveness that are gradually recruited in a 

glucose-dependent manner (Figure 2.11) (Giordano et al., 1991; Hiriart & Ramirez-Medeles, 

1991; Kiekens et al., 1992; D. G. Pipeleers, 1992; Salomon & Meda, 1986; Schuit et al., 1988; 

Van De Winkel & Pipeleers, 1983). 

 

Figure 2.11: Sigmoidal recruitment of -cells to secrete insulin upon rising glucose levels.  

5% of all -cells secrete at basal glucose levels, 65% can be induced by an increase in glucose. In 

contrast, 30% of all -cells remain unresponsive independent of the glucose levels. 

Since -cells were found to be functionally different, also several markers were identified to 

discriminate different -cell subpopulations (Table 2.2). Most commonly, insulin expression and 

abundance in -cells was used to mark the different subpopulations (Jörns, Tiedge, & Lenzen, 

1999; Hitoshi Katsuta et al., 2012; Kiekens et al., 1992; Szabat, Luciani, Piret, & Johnson, 

2009). Furthermore, cell surface markers like E-cadherin and the polysialylated (PSA) neural 

cell adhesion molecule (NCAM), TF like Pdx1 and Pax4 or the Glucokinase were employed to 

distinguish -cell subpopulations (Bernard-Kargar, Kassis, Berthault, Pralong, & Ktorza, 2001; 

Bosco, Rouiller, & Halban, 2007; Heimberg et al., 1993; Karaca et al., 2009; Lorenzo et al., 

2015; Szabat et al., 2016, 2009). Interestingly, functional heterogeneous -cell subpopulations 

were also identified in the human, which mirror the observed differences in the rodents (Dorrell 

et al., 2016; Hermann et al., 2007; Lopez et al., 2010; Saisho et al., 2008; Wojtusciszyn, 

Armanet, Morel, Berney, & Bosco, 2008). 
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Table 2.2: Marker for -cell heterogeneity in rodents and human 

Target Model [#] & ratio  Observation Reference 

Insulin MIP-GFP [3] 70:20:10 Size, granularity, Insulin secretion 
(Hitoshi 
Katsuta et al., 
2012) 

 MIP-GFP 
Sporadic 
cells 

Existence of a low abundant 
population of polyhormonal cells 

(H Katsuta et 
al., 2010) 

 Antibody 
Gradual 
differences 

Variability of cellular fluorescence 
intensity; loss of differences upon 
starvation 

(Jörns et al., 
1999) 

Insulin & 
Pdx1 

Lenti-
virus 
Pdx1/Ins 

[2] 90:10 

Heterogeneous gene expression 

(hormones, -cell maturation, 
function) 

(Szabat et al., 
2011, 2016, 
2009) 

NADPH 
Fluoresc
ence 

[2] 70:30 
Glucose utilization and gene 
expression 

(Heimberg et 
al., 1993) 

Pax4 
Pax4-
eGFP 

[2] 30:70 Stress resistance and replication 
(Lorenzo et 
al., 2015) 

Gk/Gck Antibody 
Gradual 
differences 

Heterogeneous fluorescence 
intensity 

(Heimberg et 
al., 1993; 
Jetton & 
Magnuson, 
1992; Jörns et 
al., 1999) 

Dkk3 Antibody 
[2] minor and 
major 

Dkk3 abundance in subset of -
cells 

(Hermann et 
al., 2007) 

PSA-
NCAM 

Antibody 
[2] minor and 
major 

Difference in glucose 
responsiveness 

(Bernard-
Kargar et al., 
2001) 

E-
Cadherin 

Antibody 
[2] minor and 
major 

Heterogeneous GSIS 
(Bosco et al., 
2007) 

Cx36 Antibody 
Periphery vs. 
Core 

Difference in the amount of Cx36 
connections between cells 

(P Meda, 
Denef, 
Perrelet, & 
Orci, 1980) 

ST8SIA1 
and CD9 

Antibody [4] 51:33:9:7 
Heterogeneous gene expression 
and GSIS 

(Dorrell et al., 
2016) 

GLUT2 Antibody [2] 99:1 
Glut2low cells exhibit high self-
renewal and are more plastic 

(Beamish, 
Strutt, Arany, 
& Hill, 2016; 
Guz, Nasir, & 
Teitelman, 
2001; Smukler 
et al., 2011) 

SLC18A2 Antibody [2] 88:12 
Diabetes changes subpopulations 
to 30:70 

(Saisho et al., 
2008) 
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Since the change of fate of the -cell subpopulations was already postulated (Giordano et al., 

1991; D. G. Pipeleers, 1992), several groups investigated the dynamic upon physiological and 

pathological stress. Especially, metabolic stresses like starvation and hyperglycaemia induces 

changes in the ratio of the subpopulations in rodents and humans (Dorrell et al., 2016; Jörns et 

al., 1999; Saisho et al., 2008). 

Since most of the functional differences were observed in single -cells in vitro, the impact of 

the -cell heterogeneity on the islet function remains incomplete understood. Moreover, the high 

amount of functional connections via gap junctions that results in the synchronized response of 

all -cells in the islet, suggests at highest minimal functional heterogeneity in the intact islet 

(Aslanidi, Mornev, Vesterager, Sørensen, & Christiansen, 2002; Benninger et al., 2008; Ravier 

et al., 2005). In contrast, the asynchronous Ca2+ oscillations (Cabrera et al., 2006; Y. J. Liu, 

Tengholm, Grapengiesser, Hellman, & Gylfe, 1998) and the non-synchronized response to a 

glucose gradient of islets (J. V Rocheleau, Walker, Head, McGuinness, & Piston, 2004) imply a 

cellular threshold of every individual -cell to secrete insulin (Pedersen, Corradin, Toffolo, & 

Cobelli, 2008). Hence, a better understanding of the functional heterogeneity in vivo is needed 

to identify the underlying mechanisms in the islets of Langerhans. 
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2.4 Aims of the thesis 

It is known that the pancreatic -cell pool consists of functional heterogeneous -cells (reviewed 

in 2.3.4). However, the reports were limited to single aspects like heterogeneity in maturation 

phenotype, function or proliferation without fully characterizing the -cell heterogeneity. For this 

reason, the underlying principle of this heterogeneity is not well understood until date although 

the -cell heterogeneity is known for almost 50 years.  

Since the islet architecture, cell composition and polarization are important for -cell function, 

we wanted to investigate the existence and the effect of planar cell polarity (PCP) on -cell 

function in the islets of Langerhans. Therefore, we employed the novel Wnt/PCP effector 

molecule Fltp and its mouse lines (FltpZV (Gegg et al., 2014) and FltpT2AiCre (Lange et al., 2012)). 

By monitoring the Fltp expression in the islets of Langerhans using these mouse lines, we 

wanted to extensively characterize the connection of the maturation phenotype, the function and 

the proliferation to the planar cell polarization of -cells in postnatal and adult islets under 

physiological and pathophysiological conditions. On this basis, we further wanted to investigate 

the effect of the Wnt/PCP activity on -cell maturation and function in vitro and in vivo. 

Moreover, we aim to translate the putative Wnt/PCP mediated -cell maturation and its marker 

FLTP into human islets. 
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3  Material and Method 

3.1 Material 

3.1.1 Equipment 

Agarose gel chamber  Midi 450 (neolab) 

Balances   ABS, EWB (Kern & Sohn GmbH) 

Bioanalyzer   Agilent 2100 Bioanalyzer (Agilent) 

Centrifuges 5417R, 5430C, 5804 R (Eppendorf), Microcentrifuge (Roth), Micro 

220 (Hettich), Universal 320R (Hettich), 6767 (Corning) 

Cell counter   TC20 Automated cell counter (Biorad) 

Cryostat   Ag Protect (Leica) 

Cytospin equipment  Cyto chambers, filter, rotor (Hettich) 

Developing machine  AGFA Curix 60 developing machine (AGFA HealthCare GmbH) 

ddH2O    QPod (Millipore) 

FACS    BD FACSAria III 

Film cassettes   Hypercassette (Amersham) 

Freezer    -20°C Medline, premium nofrost (Liebherr) 

    -80°C (Thermo Scientific) 

Fridge    4°C comfort (Liebherr) 

Gel documentation system UVsolo TS Imaging System (Biometra) 

Glassware   Schott-Duran (Schott) 

Glucometer   Accu-Check Avia (Roche) 

Ice machine   AF103 (Scotsman) 

Incubation systems/ovens Thermomixer comfort, Thermomixer 5436 (Eppendorf) 

    Oven (Thermo Scientific) 

Incubator   BBD6220 (Thermo Scientific) 

    Incubator C16 (Labortect) 

Microscopes   Axiovert 200M (Carl Zeiss AG), MS5 (Leica) 

TCS SP5 (Leica) and Cube (heating), Brick (CO2) 

M80 (Leica) and Dissection light (Leica) 
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Microwave   700W (Severin) 

N2 tank    Biostore systems (Cryo Anlagenbau GmbH) 

PCR machines Personal Thermocycler, Professional Trio Thermocycler 

(Biometra) 

pH meter   Mettler Toledo (Hanna Instruments) 

Photometer   NanoDrop 2000c (Thermo Fisher Scientific) 

    SPHERAstar FS (BMG Labtech) 

Pipettes   1000 μl / 100 μl / 10 μl Eppendorf Research (Eppendorf) 

Pipettboy    Accu-jet® pro (Brand GmbH) 

Plastic ware   (VITLAB GmbH) 

Polyacrylamid gel chamber Mini Trans-Blot® Cell (Biorad) 

Power supply (agarose gel) Power Source 300V (VWR) 

qPCR cycler   ViiA7 Real-time PCR system (Life Technologies) 

    AB 7300 unit (BD) 

Roller/Mixer VSR 23 (VWR international), Shaker DOS-10L (neolab), RMS 

(Assistent), Rocker 247 (Everlast) 

Sterile hoods   MSC Advantage (Thermo Scientific) 

Stirrer    D-6011 (neolab) 

Timer     Roth 

Tissue Homogenizer  Ultra Turrax T25 (IKA) 

Ultrasonic bath  Ultrasonic cleaner (VWR) 

Vortexer   LSE Vortex Mixer (Corning), IKA Vortex 

Water bath   Memmert 

Western Blot semi-dry  Trans-Blot® SD, Semi-Dry Transfer cell (Biorad) 

3.1.2 Consumables, ladder and sera 

50 ml/ 15 ml tubes   Becton and Dickinson and Company 

2 ml/ 1.5 ml / 0.2 ml tubes Eppendorf (safe-lock reaction tubes) 

15 cm/ 10 cm/ 6 cm dishes  Thermo Scientific Fisher (nunc) 6-well/ 12-well/ 24-well/ 

48-well plates/ 96-well plates Thermo Scientific Fisher (nunc) (straight/conical)    

10 cm bacterial plates  Becton Dickinson GmbH (BD FalconTM) 

8 well chambers  Ibidi (uncoated and coated 8-well imaging plates) 
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Embedding moulds   Leica (Peel-a-way embedding molds) 

50ml/ 25ml/ 10ml/   Greiner bio-one 

5ml/ 2ml/ 1ml plastic pipettes Greiner bio-one 

Pasteur pipettes, plastic  Carl Roth GmbH & Co. KG  
 

Blotting paper    GE Healthcare Buchler GmbH & Co (Whatman paper) 

Cell strainer   Falcon (Nylon cell stainer 70 µm) 

Counting chambers  Biorad (counting slides dual chamber for cell counter) 

Embedding molds  Sigma (Peel-a-way embedding molds, S-22) 

FACS tubes   Falcon (5 ml polystyrene round bottom tube with cell strainer cap) 

    Falcon (5 ml polypropene round bottom tube) 

Films     Sigma-Aldrich (Kodak BioMax MS), Amersham    

    GE Healthcare Buchler GmbH & Co (Hyperfilm ECL) 

Glass slides   Thermo Scientific (Menzel Gläser superfrost plus) 

Needles   Sterican 27G ½ ``, Sterican 30G ½ `` 

Parafilm    Pechiney Plastic Packaging 

PVDF membrane   Biorad 

Scalpels    Aesculap AG & Co 

Spacer    Life Technologies (Secure-Sela, 9mm 0.12 mm deep) 

Syringes   Braun (Omnifix 30 ml / 3 ml) 

Syringe filter   Millex-GP (Filter unit fast flow and low binding 0.22 µm) 

TEM tubes   Ted Pella, Inc. (BEEM® capsules) 

qPCR 96-well plates  Life Technologies (MicroAmp Fast optcal 96-well reaction plate) 

Adhesive covers  Life Technologies (optical adhesive covers) 

Protein ladder    Life Technologies (PageRuler Plus Pre-Stained) 

RNA ladder   NEB (RNA ladder 100 bp) 

Goat serum    Biozol 

Donkey serum   Millipore 

Human serum   Sigma 

3.1.3 Kits and Mastermix 

Agilent RNA 6000 Pico kit (Agilent Technologies) 

Dynamo Color Flash SYBR Green qPCR kit (Life Technologies) 
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ECL Detection Kit (Millipore) 

EdU Click-it detection kit (Life Technologies) 

Encore Biotin Module (Nugen) 

Human ultrasensitive Insulin ELISA kit (Mercodia) 

Mouse Glucagon ELISA kit (Cristal chem) 

Ovation® PicoSL WTA SystemV2 (Nugen) 

Primer (Eurofins MWG Operon) 

QIamp DNA Blood Mini kit (Qiagen) 

QIAquick PCR Purification Kit (Qiagen) 

RNeasy Mini Kit, RNeasy Micro Kit, miRNA Micro Kit (Qiagen) 

Sodium cacodylate buffer pH7.4 (0.1 M) 2% paraformaldehyde 2.5% glutaraldehyde (Electron 

Microscopy Sciences) 

SuperScript Vilo cDNA synthesis kit (Life Technologies) 

SuperSignal West femto maximum sensitivity substrate (Life Technologies) 

TaqMan Fast Advanced Master Mix (Life Technologies) 

TaqMan Universal Master Mix II, no UNG (Life Technologies) 

Ultrasensitive mouse insulin ELISA kit (Cristal chem) 

3.1.4 Chemicals 

(If not indicated chemicals were purchased from Sigma-Aldrich, Merck or Carl Roth) 

A 7-AAD (eBioscience) 

Acrylamide/bisacrylamide (Rotiphorese) 

Agarose (Biozym Scientific) 

APS 

L-Arginine 

B BCA 

 Bromophenol blue 

BrdU 

BSA  

C Calcium chloride (CaCl2) 

Chloroform, 99+% 

D DAPI  
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D Developer G135 A/B (AGFA) 

1,4-Diazabicyclo[2.2.2]octane (Dapco) 

Dimethylsulfoxide (DMSO), >99,9% 

Dithiothreitol (DTT) 

Dithizone 

DNAZap (Thermo Fisher Scientific) 

dNTPs (Fermentas) 

E EDTA 

 EdU (Life Technologies) 

Ethanol, 96% 

Ethidiumbromide 

G L-Glutamine 

 D-Glucose 

Glutaraldehyde 

Glycerol 

Glycin 

H 10N HCl 

HEPES (powder) 

Hoechst 33342 (Thermo Fisher Scientific) 

Human serum albumin 

I Isopropanol, 100% 

M Magnesium chloride 

Methanol, 100% 

Milk powder (Becton Dickinson) 

Mounting medium – Jung Tissue Freezing medium (Leica) 

N Nitrogen(l) (Linde AG, München) 

 NP40 (Life Technologies) 

P Paraformaldehyde 

Polyacrylamide 

Polyvinyl-alcohol 

Potassium chloride (KCl) 
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P Potassium hydrogenphosphate (KH2PO4) 

ProLong Gold antifade reagent (Invitrogen) 

R Rapid fixer G356 (AGFA) 

RNaseZAP 

S Sodium chloride (NaCl) 

Sodium desoxycholate 

Sodium dodecylsulphate (SDS) 

Sodium hydrogenic phosphate (Na2HPO4) 

Sodium hydroxide (NaOH) 

T TEMED 

Tris 

Triton X-100 

Tween-20 

 

3.1.5 Buffers and solutions 

Western blot 

RIPA buffer:   75 mM NaCl, 6.37 mM Natriumdesoxycholat 

    0.005% NP40, 0.05% SDS, 25 mM Tris pH8 

APS:     10% APS (in dH2O) 

4x Tris/SDS:    1.5 M Tris, 0.4% SDS (adjust to pH8.8) 

4x Tris/SDS:    0.5 M Tris, 0.4% SDS (adjust to pH6.8) 

10x Tris-Glycine:   1.0% SDS, 0.25 M Tris, 1.92 M Glycine 

4x SDS-loading buffer:  200 mM Tris/HCl, pH6.8, 8% SDS, 40% Glycerol 

0.4% bromine phenol blue (add freshly 400 mM DTT) 

Buffer cathode (KP):   25 mM Tris/HCl, 40 mM Glycine, 10% Methanol (adjust to pH9.4) 

Buffer anode I (API):   300 mM Tris/HCl, 10% Methanol (adjust to pH10.4) 

Buffer anode II (APII):  25 mM Tris/HCl, 10% Methanol (adjust to pH10.4) 

10x TBST:  100 mM Tris/HCl, 1.5 M NaCl, 2.0% Tween20 (adjust to pH7.4) 

Blocking solution:   5% milk powder in 1x TBST 

(Femto-) ECL-solution:  Solution A and B mix: 1:1 (mix shortly before usage) 
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Immunostainings 

10x PBS:   1.37 M NaCl, 26.8 mM KCl, 0,101 M Na2HPO4, 13.8 mM KH2PO4 

PBST:    1x PBS + 0.1% Tween20 (adjust to pH7.4) 

4% PFA:   1.3 M PFA in 1x PBS (adjust to pH7.2-7.4)    

Permeabilisation (sections): 0.2% TritonX-100, 100 mM Glycin in dH2O 

Permeabilisation (islets): 0.5% TritonX-100, 100 mM Glycin in dH2O 

Blocking solution: 5% FCS, 1% serum (goat or donkey) in PBST 

DAPI:    5 mg DAPI in 25 ml PBS 

Elvanol (embedding):  0.015 mM Polyvinyl-alcohol, 24 mM Tris pH 6.0, 2 g DABCO  

in 90 ml H2O and 37.8 ml Glycerol 
 

Glucose stimulated insulin secretion 

10x Krebs buffer: 1.2 M NaCl, 48 mM KCl, 25 mM CaCl2*2H2O, 12 mM MgCl2 in 

dH2O 

1x Modified Krebs buffer: 1x Krebs buffer, 5 mM HEPES, 0.025 mM NaHCO3, 0.1% BSA in 

H2O (adjust to pH7.4) 

FACS buffer:   1x PBS (-Ca/Mg), 3% FCS, 5 mM EDTA 

DNA lysis buffer: 100 mM Tris pH 8.0, 5 mM EDTA pH 8.0, 200 mM NaCl, 0.2% 

SDS in H2O 

3.1.6 Solutions for cell culture 

DPBS (-Ca/-Mg)   Gibco 

DPBS     Lonza  

Trypsin-EDTA    0.05% or 0.25% Trypsin, 0.53 mM EDTA•4Na, Gibco 

DMEM (4.5 g/l glucose)  Gibco 

DMEM (1 g/l glucose)   Gibco 

RPMI1640    Lonza 

HBSS     Lonza 

Penicillin/Streptomycin (100x) Gibco 

OptiPrep Density gradient medium Sigma 

FCS     PAN 

β-mercaptoethanol (50mM)  Gibco / Life Technologies 

HEPES (1 M)    Gibco 
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Matrigel    BD Bioscience / Neolab 

CMRL1066    Gibco / Thermo Fisher Scientific 
 

Drugs and reagents 

WNT4     R&D systems 

Wnt5a (mouse)   R&D systems 

WNT5A (human)   R&D systems 

EdU     Life Technologies  

Murine Noggin    Peprotech 

Y-27632    Santa Cruz 

3.1.6 Enzymes and inhibitors 

DNA-Polymerases Thermo Fisher Scientific (Taq DNA Polymerase, 

recombinant) 

RNase-free DNase I     Qiagen 

Phosphatase & Proteinase inhibitors  Sigma-Aldrich 

3.1.7 Antibodies 

Table 3.1: Primary antibodies 

ID Protein Name Generated in Dilution Company 

26 Laminin rat IF 1:2000 Millipore 

48 GFP chicken IF 1:1000 Aves Labs 

53 CD31/Pecam1 rat lgG2a,K IF 1:500 BD 

82 Glucagon guinea pig IF 1:500 Millipore 

121 -Catenin mouse IF 1:1000 BD 

123 BrdU rat IF 1:200 Abcam 

125 Ki67 rabbit IF 1:300 Novocastra 

192 RFP rat IF 1:1000 Chromotek 

193 Insulin guinea pig IF 1:300 Thermo Fisher Scientific 

197 Pdx1 rabbit IF 1:300 NEB 

199 Glut2 rabbit IF 1:500 Millipore 

213 Nkx6.1 goat IF 1:200 R&D systems 

214 Somatostatin Goat IF 1:500 Santa Cruz 

215 Nkx6.1 rabbit IF 1:300 Acris/Novus 

216 Ki67 rabbit IF 1:300 Abcam 

221 MafA rabbit IF 1:200 Bethyl Laboratories 

227 Neurogenin 3 mouse IF 1:100 DSHB Hybridoma 

257 Pancreatic polypeptide goat IF 1:300 Abcam 

277  Urocortin 3 rabbit IF 1:300 Phoenix Pharmaceuticals 

302 Insulin rabbit IF 1:300 Thermo Fisher Scientific 

315 Glucagon guinea pig IF 1:500 TAKARA 
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ID Protein Name Generated in Dilution Company 

--- Npy rabbit IF 1:500 Synaptic Systems 

--- VaChT rabbit IF 1:300 Cell Signalling 

  Western blot   
 

173 -tubulin mouse WB 1:10000 Abcam 

197 PDX1 rabbit WB 1:500 NEB 

206 Gapdh mouse WB 1:5000 Merck Biosciences 

213 Nkx6.1 goat WB 1:100 R&D systems 

460 Ox Phos Cocktail mouse WB 1:250 Life Technologies 

 --- Fltp116 rabbit WB 1:500 Home made 

 TEM    

 7 GFP rabbit IF 1:1000 Invitrogen 

A list of all primary antibodies used in this thesis. Abbreviations: WB (Western Blot), IC 

(immunohistochemistry) 

 

Table 3.2: Secondary antibodies 

ID Name Conjugated Dilution Company 

11 Alexa Fluor phalloidin 546 IC 1:40 Invitrogen 

15 Goat anti-mouse IgG HRP WB 1:10000 Dianova 

18 Donkey anti-goat IgG 633 IC 1:800 Invitrogen 

19 Goat anti-rabbit lgG HRP WB 1:10000 Dianova 

23 Donkey anti-mouse IgG 488 IC 1:800 Invitrogen 

24 Donkey anti-rabbit IgG 555 IC 1:800 Invitrogen 

28 Donkey anti-chicken IgY 488 IC 1:800 Dianova 

45 donkey anti-rat IgG  649 IC 1:800 Dianova 

46 donkey anti-guineapig  649 IC 1:800 Dianova 

56 Donkey anti-mouse IgG 594 IC 1:800 Invitrogen 

62 Donkey anti-rat IgG 647 IC 1:800 Dianova 

63 Donkey anti-goat IgG 594 IC 1:800 Invitrogen 

64 Donkey anti-rabbit IgG 594 IC 1:800 Invitrogen 

--- Goat anti-rabbit immunogold Gold 6 nm TEM 1:40 Aurion 

Secondary antibodies used in this thesis. Abbreviations: WB (Western Blot), IC 

(immunohistochemistry), TEM (transmission electron microscopy) 

3.1.8 TaqMan primer 

Table 3.3: TaqMan primer 

Box-Position Gene Order Information Box-Position Gene Order Information 

A-A5 Ins1 Mm01950294_s1 A-G9 Ghrl Mm00445450_m1 

A-A9 Nkx6-1 Mm00454961_m1 A-G10 Amy2a3 Mm02342486_mh 

A-A10 Bace2 Mm00517138_m1 A-H12 MafA Mm00845206_s1 

A-B9 Hadh Mm0130384_m1 B-A4 Ucn3 Mm00453206_s1 

A-B11 Gcg Mm01269055_m1 B-A7 Npy Mm03048253 

A-C4 Actb Mm00607939_s1 B-A8 Cfap126/Fltp Mm01290541_m1 

A-D1 Wnt4 Mm01194003_m1 B-C12 Slc2a2 Mm00446229_m1 
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Box-Position Gene Order Information Box-Position Gene Order Information 

A-D3 Gapdh Mm99999915_g1 B-D1 Dvl2 Mm00432899_m1 

A-D4 Ins2 Mm00731505_Gh B-D3 Celsr1 Mm00464808_m1 

A-D5 GFP Mr04329676_mr B-D4 Fzd6 Mm00433387_m1 

A-D6 Wnt5b Mm01183986_m1 B-E9 Grb10 Mm01180443_m1 

A-E11 Sst Mm00436671_m1 B-E10 Alpk1 Mm01319946_m1 

A-F12 18S Mm03928990_g1 C-B1 Pcsk1 Mm00479023_m1 

A-G2 mKi67 Mm01278817_m1 C-B10 Gipr Mm01316344_m1 

A-G6 Ppy Mm01250509_g1 IDO Atp5b Mm01160389_g1 

TaqMan primer were purchased from Life Technologies 

3.1.9 Culture media – primary cells 

G-Solution:  HBSS (Lonza) suppl. with 1x P/S (Gibco) and 1% BSA (Sigma) 

Collagenase:  1 mg/ml Collagenase P (Roche) in G-solution 

Gradient medium: 5 ml G-solution 

   30 µl 1M HEPES (Life Technologies) 

   970 µl DPBS (Lonza Verviers) 

   2 ml Optiprep density gradient medium (Sigma) 

Islet culture medium: RPMI1640 (Lonza) suppl. with 1x P/S (Gibco) and 10% FCS (PAA) 

3.1.10 Cell line and culture medium 

Min6  Murine Insulinoma cell line MIN6 m9 (Minami et al., 2000) 

Medium DMEM (4.5 g/l glucose) supplemented with 1x P/S (Gibco), 1.4 mM -mercapto-

ethanol (Life technologies) and 10% FCS (PAA) 

3.1.11 Mouse lines 

CD1    Outbred strain (Helmholtz Zentrum München) 

FltpZV    Background: C57BL/6J (Gegg et al., 2014) 

FltpT2AiCre   Background: mixed CD1, C57BL/6J) (Lange et al., 2012) 

Gt(ROSA)26mTmg  Background: mixed 129/SvJ, C57BL/6J (Muzumdar, Tasic, 

Miyamichi, Li, & Luo, 2007) 

FltpT2AiCre; Gt(Rosa)26mTmG FltpT2AiCre mouse line (Lange et al., 2012) crossed into 

Gt(ROSA)26mTmG (Muzumdar et al., 2007) mice (mixed 

background) 

Albino B6 mice  B6N-Tyrc/BrdCrCrl; Charles River 

B6 Rag1-/-   B6.129S7-Rag1tm1Mom/J; Jackson Laboratories 
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3.2 Methods 

3.2.1 General mouse handling 

Animal studies approvements The animal experiments were carried out in compliance 

with the German Animal Protection Act, the guidelines of the Society of Laboratory Animals 

(GV-SOLAS) and Federation of Laboratory Animal Science Associations (FELASA).  

Administration of EdU The modified Uracil analog 5´ethynyl-2´-desoxyuridine (EdU) is 

used to label proliferating cells. The analog enters the cell and is incorporated in the DNA during 

the S-phase. The analog can be visualized by specific antibodies. To investigate cell 

proliferation in homeostasis and upon pregnancy 100 µg EdU per g body weight was injected 

intraperitoneal (i.p.) 24 hrs prior to their sacrifice. Subsequently, the pregnant animals were 

injected at G14.5 and sacrificed at G15.5. 

Glucose tolerance test (GTT) The glucose clearance and glucose tolerance was 

measured by an ipGTT. Therefore, the mice were fasted for 6 hrs, injected with 2 g glucose per 

kg body weight and the blood glucose was measured at different time points using the Accu-

Check Aviva glucometer (Roche). 

3.2.2 Genotyping of mouse lines 

DNA isolation The genomic DNA was isolated from mouse tail biopsies or ear punches 

of weaned mice (P20). Therefore, the biopsy was lysed in 500 µl lysis buffer supplemented with 

proteinase K (100 µg/ml) and incubated at 55°C overnight. By centrifugation (14 000 rpm, 

10 min, 4°C) insoluble cell fragments and hair were pelleted and the supernatant was 

transferred into a new tube. The DNA was precipitated using isopropanol (500 µl), pelleted and 

washed with 70% EtOH (14 000 rpm, 10 min). After drying the DNA pellet, the DNA was 

suspended in 100 µl nuclease-free H2O.  

To genotype the mice, the isolated DNA was applied to a polymerase chain reaction (PCR).  

Genotyping PCRs: 

FltpZV PCR Primer: 5’-AGCCATACCACATTTGTAGAGG-3’ / 

5’-CAGCATGGCATAGATCTGGAC-3’ / 5’-GAGGCTGACTGGGAACAATC-3’ 

95°C 4 min – (95°C 30 sec - 57°C 45 sec - 72°C 1 min) x35 - 72°C 10 min - 16°C 

FltpT2AiCre PCR Primer 5’- GAGGCTGACTGGGAACAATC-3’ / 

5’-CAGCATGGCATAGATCTGGAC-3’ / 5’-GCTGGTGGCTGGACCAATGTG-3’ 

95°C 4 min – (95°C 30 sec - 57°C 45 sec - 72°C 1 min) x35 - 72°C 10 min - 16°C 

Gt(Rosa)26mTmG PCR: Primer 5’- CTCTGCTGCCTCCTGGCTTCT-3’ / 

5’- CGAGGCGGATCACAAGCAATA-3’ / 5’- TCAATGGGCGGGGGTCGTT-3’ 

95°C 4 min – (95°C 30 sec - 58°C 45 sec - 72°C 1 min) x35 - 72°C 10 min - 16°C 
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Electrophoresis The PCR products were loaded on an agarose gel (1 – 1.5%) and 

separated by size using gel electrophoresis. The agarose gel was prepared by dissolving 

agarose in TAE (Tris-acetate, EDTA) buffer in the microwave. After cooling the solution EtBr 

(1:20000) was added to the solution which was then mixed and poured into a gel tray. The solid 

gel was transferred into a TAE buffer filled gel chamber. The PCR products were mixed with 

Orange G (1:4), loaded on the gel, separated by applying voltage and the DNA fragments were 

detected using a gel documentation system. 

3.2.3 Tissue dissection and islet isolation 

Tissue isolation and processing To prepare lung lysate, the lung was dissected, washed in 

PBS, transferred in RIPA buffer containing proteinase inhibitors, crushed using a tissue 

homogenizer (Ultra Turrax T25) on ice and centrifuged (12000 rpm, 4°C, 10 min). Afterwards 

the supernatant was transferred in a new tube and stored at -80°C. 

Pancreatic insulin content The pancreatic insulin content was determined by an acid ethanol 

extraction. Therefore, the pancreas was dissected, washed in PBS and transferred into acid-

ethanol (1.5% HCl in 70% EtOH). After overnight incubation at -20°C the tissue was 

homogenized using a tissue homogenizer and incubated again overnight at -20°C. After 

centrifugation (2000 rpm, 15 min, 4°C), the supernatant was transferred in a new tube and 

neutralized with 1M Tris pH 7.5. After diluting the solutions the insulin was measured using a 

mouse insulin ELISA and normalized over the protein concentration that was determined by 

BCA protein assay. 

Islet isolation The pancreatic islets of Langerhans were isolated from mice via collagenase 

digestion of the pancreas, islet purification and hand picking. In detail, the collagenase P 

(Roche) solution (1 mg/ml in G-solution (3.1.9)) was injected in the common bile duct after 

sealing the connection of the central pancreatic duct with the duodenum using a clamp. After 

inflating the pancreas with the collagenase, the pancreas was dissected and transferred into 

3 ml of collagenase P solution. The pancreas was digested at 37°C for 15 min (mixing after 

7.5 min), placed on ice and 15 ml of cold G-solution was added. The tube was centrifuged 

(1620 prm, 3 min, 4°C), the pellet washed with 2x 20 ml of G-solution and suspended in 5.5 ml 

of the gradient medium (3.1.9). The suspension (2nd phase) was added slowly on the 2.5 ml 

remaining gradient medium (1st phase) and 6 ml of G-solution were added slowly on top forming 

the 3rd phase. After 10 min of incubation at RT the gradient was centrifuged (1700 rpm, 10 min, 

RT, acceleration 3, brake 0) resulting in an islet enriched interphase between the middle and the 

upper phase (2nd and 3rd phase). This interphase was pipetted into a pre-wet cell strainer (pore 

size 70 µm) and washed 2x with 10 ml G-solution. The islets were harvested by turning the cell 

strainer and washing the islets into a petri dish with 20 ml G-solution. To purify the islets, the 

islets were handpicked two times under the microscope. Later, the islets were cultured in culture 

medium (3.1.9). 

Islet isolation of young mice Pancreatic islet clusters of young mice (P5-7) were 

isolated by digestion of the dissected pancreata in 1 ml of collagenase P (Roche, 1 mg/ml) for 

10 min at 37°C. Afterwards, the digested pancreas was transferred into a petri dish containing 

15 ml G-solution. The islets were handpicked under the microscope. 
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Islet culture and hypoxia After islet isolation the islets were cultured overnight in islet culture 

medium (3.1.9) prior to experiments. To trigger -cell de-differentiation the islets were cultured 

in 5% O2 and normal culture medium for 4 days. 

Single cell suspension In order to achieve a single cell suspension of islets, the islets 

were handpicked in an Eppendorf tube, pelleted (800 rpm, 1 min) washed with PBS (-Mg/Ca) 

and digested with 0.25% Trypsin with EDTA (Gibco) at 37°C for 8 min. During this time the cells 

have to be pipetted 5x up and down with a 1000 µl pipette every 2-3 min. The digestion was 

stopped by either culture medium or FACS buffer (PBS –Ca/Mg, 3% FCS, 5 mM EDTA) and 

centrifuged (1200 rpm, 5 min). The cell pellet was suspended in culture medium or FACS buffer 

and filtered through a filter (pore size 35 nm). 

Culture of single cells The single cells were cultured in islet culture medium (RPMI1640, 

10% FCS, 1x P/S). To investigate the effect of single cell culture on the Fltp lineages the single 

cells were cultured in uncoated ibidi chambers (ibidi) for 17 hrs and monitored every 30 min 

using the Zeiss microscope (Axiovert 200M). The longitudinal analysis of the compartment 

volume was determined using Imaris (Bitplane).  

The endocrine cell culture of young WT and FltpT2AiCre/+, Gt(ROSA)26mTmG/+ mice in matrigel was 

performed as follows. The single cells were centrifuged (1400 rpm, 5 min), suspended in a small 

volume of culture medium and mixed 1:1 with matrigel (BD Bioscience / Neolab) on ice. This 

mixture was plated in the culture dish (ibidi chamber), hardened at 37°C for 15 min and covered 

with culture medium. The clusters were tracked by live imaging at the Zeiss microscope using a 

1 hr time interval between the pictures. The images were analyzed using AxioVision software 

(Zeiss). 

To image endocrine cell conversions of Fltp lineage- into Fltp lineage+ cells, the single endocrine 

cells were plated in coated ibidi chambers (ibidi), imaged once every hour using a Zeiss 

microscope and analyzed by AxioVision software (Zeiss). 

FACS sorting  The FACS-sorting of endocrine cells was done using the FACS-Aria III 

(BD). In general, the single cells were gated according to their FSC-A (front scatter area) and 

SSC-A (side scatter area). Singlets were gated dependent on the FSC-W (front scatter width) 

and FSC-H (front scatter height) and dead cells were excluded using the marker 7AAD 

(eBioscience). The FVR endocrine subpopulations were discriminated upon their Venus 

fluorescence emission at 488 nm and the Fltp lineages according to their GFP and Tomato 

fluorescence emission at 488 nm and 555 nm, respectively. To enrich for -cells the distinct 

SSC-A high populations were gated. 

Post processing for RNA and protein In order to isolate RNA from FACS-sorted cells, the 

cells were sorted directly into Qiazol (Qiagen). Thereby, the ratio of Qiazol to FACS fluid was 

adjusted to be larger than 10:1. For Western blot the cells were sorted into FACS buffer, 

centrifuged (1400 rpm, 5 min, 4°C), washed with PBS (-Ca/Mg) and suspended in RIPA buffer 

supplemented with proteinase inhibitors. 

Wnt5a treatment of endocrine cells  Single cells of isolated islets from 5 to 7 days old 

WT CD1 mice were cultured in uncoated ibidi chambers (ibidi) for 12 hrs or 3 days in a modified 

islet culture medium (RPMI1640, 3% FCS, 1x P/S) in presence or absence of 400 ng/ml Wnt5a 
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(R&D systems). The medium was changed at the 2nd day. The cells were stained according to 

the single cell staining protocol in their chambers. For qPCR the cells were trypsinized 

(0.05% trypsin), pelleted (1400 rpm, 5 min, RT), washed with PBS and dissolved in 700 µl 

Qiazol (Qiagen).  

Endocrine cell reaggregation To reaggregate FVR -cells, the islet cells were FACS-

sorted to enrich for -cells and separated by the emission of Venus in FVR+ from FVR- -cells. 

The sorted -cells were cultured 6 days in shaking in DMEM (4.5 g/l glucose, 5% FCS and 

1x P/S) diluted 1:1 in conditioned medium (DMEM containing 4.5 g/l glucose, 5% FCS and 

1x P/S) from MS1 cells (endothelial cell line derived from pancreatic islets, ATCC CRL-2279, 

LGC Standards GmbH) supplemented with 10 μM Y-27632 (Santa Cruz) for the first 3 days. 

One days prior to the GSIS, the cells were cultured in DMEM (11 mM glucose, 5% FCS and 

1x P/S). 

Glucose stimulated insulin secretion Before performing the GSIS, the freshly isolated 

islets were cultured overnight in islet medium to recover. Islets were transferred in a 96 well 

plate, cultured a modified Krebs Ringer phosphate Hepes (KRPH) buffer (3.1.5) supplemented 

with 2.8 mM glucose for 1 hr. Then the islets were sequentially incubated with different glucose 

concentrations in modified KRPH buffer for 2 hrs each (2.8, 5.7, 11.2 and 16.7 mM glucose).  

The reaggreagated -cell enriched cell aggregates were incubated in the modified Krebs Ringer 

phosphate HEPES (KRPH) buffer supplemented with 2.8 mM glucose for 1 hr. Then the islets 

were sequentially incubated in 2.8 mM glucose for 2 hrs, 16.8 mM glucose for 1 hr and 16.8 mM 

& 20 mM arginine for 30 min.  

Afterwards the islets or clusters were dissolved in RIPA supplemented with proteinase 

inhibitors. All samples were stored until use at -20°C.  

3.2.4 Islet transplantation and in vivo imaging 

Islet transplantation The islet transplantation was carried out in the laboratory of Dr. Stefan 

Speier (Paul Langerhans Institute Dresden, Germany). As recipients for the 

FltpT2AiCre/+;Gt(ROSA)26mTmG islet transplants the albino B6 mice (B6N-Tyrc/BrdCrCrl; Charles 

River) crossed with B6 Rag1−/− mice (B6.129S7-Rag1tm1Mom/J; Jackson Laboratories) were 

used. To transplant the islets into the anterior chamber of the eye, the mice were anaesthetized 

(2% isoflurane in oxygen via face mask), fixed in a head holder and a small hole was cut into 

the cornea close to the corneal limbus using a 25-gauge needle. Using a custom made beveled 

glass cannula (outer diameter 0.4 mm, inner diameter 0.32 mm; Hilgenberg GmbH) 30 to 

40 islets in PBS were slowly injected into the anterior chamber through this hole. For in vivo 

imaging the mice were anaesthetized (2% isoflurane in 100% oxygen with 270 μl stroke volume 

at 250 strokes per min for ≤90 min) and intubated (BioLite, Braintree Scientific, Inc.). Images 

were acquired by confocal and two-photon imaging using an upright laser-scanning microscope 

(LSM780 NLO; Zeiss) with a two-photon laser (Chameleon Vision II; Coherent, Inc.) and W-

Plan-Apochromat 20×/1.0 DIC M27 75 mm objective (Zeiss). Backscattered laser light to 

determine the islet size and granularity was detected at 633 nm. Qtracker 705 (0.8 μM, Life 

Technologies) in 100 μl PBS was injected into the tail vein to visualize the vessels at 690-
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730 nm. The emission of the Tomato (mT) and the GFP (mG) were excited by the two-photon 

laser at 930 nm and detected at 575–610 nm and at 500–550 nm, respectively. 

Revascularization and high-fat diet Images of the islets were acquired 3, 13 days and 

4 weeks after transplantation. Fourteen weeks after islet transplantation, the mice were divided 

in two groups which were feed ad libidum either with normal chow diet (Ssniff) or with HFD 

(60 kcal % fat; Research Diets, Inc.). Further images were acquired pre-diet and after 4 and 

8 weeks HFD. 

Image analysis The images were analyzed using Imaris (Bitplane) and Fiji software (Fiji). 

In detail, the islet volume was determined by surface rendering of the backscatter image and the 

vessel volume by the rendering of Gaussian filtered z-stacks of Qtracker emission. The mG and 

mT volumes were assessed in the whole islet after Gaussian filtered z-stacks (step size of 

1.5 μm) and after subtraction of the vessel volume. All compartment volumes were analyzed in 

correlation to the total islet size. The cross-sectional areas of mG and mT cells were calculated 

manually on individual optical planes in the islet. The cell numbers were analyzed by eye-

counting in z-stacks of 10 µm distance. 

3.2.5 Cell culture 

Min6 culture Min6 (clone 9) murine insulinoma cells were cultured in a culture medium 

containing DMEM (4.5 g/l glucose), 1x P/S, 10% FCS and 1.4 mM -mercapto-ethanol in 

adherent culture. The medium was changed every 2-3 days and the cells were split 1:5 – 1:7 

when >60% confluent. The dish containing the adherent cells was washed twice with PBS         

(-Mg/Ca) and trypsinized with 0.05% trypsin EDTA at 37°C for 5 min. Afterwards, the 

trypsinization was stopped by adding Min6 culture medium and the cells were transferred into a 

falcon tube. The cells were centrifuged at 1200 rpm for 4 min at RT, washed with culture 

medium or PBS, centrifuged, re-suspended in a suitable volume and used for further 

experiments or plated in a new culture dish. 

Cryopreservation If needed Min6 cells were thawed fast in a 37°C warm water bath and 

transferred into a culture dish containing culture medium. After one day the medium was 

changed and the cells were normally cultured for one week prior to an experiment. To 

cryopreserve Min6 cells the cell were typsinized as described before and re-suspended in 

freezing medium (DMSO and FCS 1:1). After transferring the cells into cryovials the cells were 

frozen in freezing boxes overnight at -80°C and then transferred into liquid N2. 

Min6 treatment To achieve 3D structures of Min6 (pseudo islets), the cells were plated 

into uncoated ibidi chambers (ibidi) and cultured for 6 days. To analyze the Wnt5a induced β-

cell maturation, samples were stimulated by 400 ng/ml Wnt5a (R&D systems) in Min6 culture 

medium for 6 days. The medium was changed ever 2nd day. 

Human islets and microislets The experiments with human islets and microislets were 

permitted by the Ethical commission of the TU Munich. The microislets were purchased from 

InSphero (n (donors) = 3, 66% female, average age 40.1 years (37-56), mean BMI 23.2 (22.7-

23.6)). The human islets from cadaveric organ donors were obtained by JDRF award 31-2008-

416 ECIT (Islet for Basic Research program) (n (donors) = 6, 50% females, mean age 

53.6 years (41-65), mean BMI 24.3 (20.8-30.1)).  
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The human islets were transferred in tubes, centrifuged and resuspended in culture medium 

(CMRL1066 supplemented with 1x P/S, 2 mM L-glutamine and 10% filtered human serum 

(Sigma)). To increase the purity, the islets were handpicked under the microscope and cultured 

overnight prior to experiments. To monitor the islet purity, the islets were stained with freshly 

prepared dithizone solution which forms an orange complex with Zn2+-ions that are enriched in 

-cells. Therefore, dithizone (50 mg) was dissolved in DMSO (10 ml) and DPBS (40 ml), filtered 

(pore size 0.45 µm) and added to the islets in culture medium. In addition, the apoptosis was 

examined using the Hoechst 33342 and 7AAD dyes. Whereas the cell membrane is permeable 

for Hoechst33342, 7AAD enters only apoptotic cells that exhibit a pitted cell membrane. The 

percentage of dead cells was analyzed by imaging and counting Hoechst33342+ 7AAD+ cells 

under the microscope.  

Treatment of human islets and microislets To induce WNT/PCP, the human islets were 

treated with a modified culture medium (CMRL1066 supplemented with 1x P/S, 2 mM L-

glutamine, 5.5 mM glucose, 10 µM Y-27632 (Santa Cruz), 100 ng/ml murine Noggin 

(Peprotech), 2% filtered human serum albumin) containing 100 ng/ml WNT4 or 400 ng/ml 

WNT5A. The medium was changed every second day.  

Human microislets were cultured as described in the manufacturers’ manual (InSphero). Prior to 

the GSIS the microislets were treated with 100 ng/ml WNT4 or 400 ng/ml WNT5A in the 

modified human islet medium (CMRL1066 supplemented with 1x P/S, 2 mM L-glutamine, 

5.5 mM glucose, 10 µM Y-27632 (Santa Cruz), 100 ng/ml mouse Noggin (Peprotech), 

2% filtered human serum albumin). The medium was changed every second day.  

3.2.5 RNA biochemistry 

RNA work To minimize RNA degradation it is of great importance to work RNase free. 

Therefore, RNase inhibitors and a clean working place and machines are necessary. Purified 

RNA has to be stored at -80°C.  

RNA isolation Dependent on the amount of RNA, the miRNA micro kit (Qiagen) or 

miRNA mini kit (Qiagen) was used. The RNA isolation was carried out according to the kit 

manual. In addition, the DNA was degraded by performing an on column DNase I treatment. 

The RNA was eluted in 14-32 µl of nuclease-free water for immediate use or stored at -80°C. 

RNA amplification If the amount of RNA was low, the RNA was amplified using the Ovation® 

PicoSL WTA SystemV2 (Nugen). Therefore, between 500 pg and 50 ng RNA were used and 

the amplification was performed according to the kit manual. Prior and during the procedure it is 

essential to work strictly RNase-free. Furthermore, all cDNAs have to be degraded by DNAZap 

to prohibit primer contaminations. Afterwards the QiaQuick PCR purification kit (Qiagen) was 

used to purify the resulting cDNA. 

Determination of the DNA or RNA concentration  The DNA or RNA concentration in 

solution was measured by a NanoDrop using the extinction at 260 nm. The cDNA resulting from 

amplified RNA was determined using the ssDNA program of the Nanodrop. The purity of the 

DNA and RNA was assessed by the quotient of E260nm/E280nm and E260nm/E230nm which had to be 

around 2.0. 
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To analyse very small RNA amounts, the Agilent 2100 Bioanalyzer (Agilent Technologies) 

together with the Agilent RNA 6000 Pico kit was used. The electrophoretic based assay 

separates different RNA sizes allowing the investigation of RNA purity, degradation and 

determination of the RNA amount using an external standard. The experiment was carried out 

according to the manufacturers’ guidelines. 

Reverse transcription The reverse transcription transcribes RNA into cDNA. For cDNA 

preparation the SuperScript Vilo cDNA synthesis kit (Life Technologies) was used according to 

the user manual. Thereby, the mastermix of RNA (100 – 500 ng RNA), 5x VILO™ reaction mix 

and 10x SuperScript™ enzyme mix was incubated at 25°C for 10 min prior to 120 min at 85°C. 

Afterwards the cDNA was stored at -20°C or -80°C. 

Quantitative PCR (qPCR) The qPCR was performed using TaqMan™ probes (Life 

Technologies) and 25 ng cDNA per reaction. The TaqMan probes are hydrolysis probes 

consisting of a covalently attached fluorophore to the 5´-end, an oligonucleotide and a quencher 

at the 3´-end. The probe binds the cDNA in between forward and reverse primers and gets 

degraded by the exonuclease activity of the Taq Polymerase. Thereby, the quencher-

fluorophore interaction in the intact TaqMan probe gets destroyed upon cleavage of the probe 

which results in a fluorescence signal. Each reaction consisted of 4.5 µl cDNA in nuclease-free 

water, 5 µl TaqMan™ Advanced master mix (Life Technologies) and 0.5 µl TaqMan probe™ 

(Life Technologies). After sealing the 96 well plate (Life Technologies) and its centrifugation 

(1500 rpm, 5 min), the qPCR was performed using Viia7 (Thermo Fisher Scientific). The data 

was analysed using excel. The Ct-values, a point of linear slope of fluorescence, were 

normalized among samples, transformed to linear expression values, normalized on reference 

genes and on the control samples. 

Relative expression (gene) = (2Ct (mean genes) – Ct (gene)) / (2Ct (mean references) – Ct (reference)) 

Normalized expression (gene) = Relative expression (gene) / Relative expression control (gene) 

The normalized gene expression was displayed by bar graphs ± s.e.m. Significance was 

determined using a two tailed unpaired and Welch corrected t-test. 

Quantitative PCR (mitochondria number) The amount of mitochondria was determined by the 

relative quantification of genomic (gDNA) and mitochondrial DNA (mtDNA). Therefore, the 

abundance of S12 (encoded in mtDNA) vs. Hbb (encoded in the nucleus) was quantified and 

normalized on the FVR+ sample. The DNA from FACS-sorted cells was extracted (QIamp DNA 

Blood Mini kit) and the ratio of mtDNA to gDNA was analysed by an AB 7300 unit (BD). 

Primers (10 mM):  

12S (Mitochondrial ribosomal subunit 12)  Forward 5´-ACCGCG GTCATACGATTAAC-3´ 

      Reverse 5´-CCCAGT TTGGGTCTT AGCTG-3´ 

Hbb (β globin) gene     Forward 5´-AGGCAGAGGCAGGCAGAT-3´  

Reverse 5´-GGCGGGAGGTTTGAGACA-3´ 

Gene profiling For gene profiling, the RNA was isolated from FACS-sorted FVR 

subpopulations and amplified using the Ovation PicoSL WTA System V2 together with the 

Encore Biotin Module (Nugen). The amplification, microarray and its analysis was performed by 



Material & Method 

46 

Dr. Martin Irmler (IEG- Helmholtz Zentrum München). The amplified cDNA was hybridized on 

Affymetrix Mouse Gene 1.0 ST arrays which was stained and scanned according to the 

Affymetrix expression protocol supplemented with minor modifications as suggested in the 

Encore Biotion protocol. For quality control and annotation of the normalized RMA (robust 

microarray analysis) gene-level data the expression console (v.1.3.0.187, Affymetrix) was used. 

Thereby, the standard settings including median polish and sketch-quantile normalization were 

employed. For the statistical analysis of the microarray the programming environment R (R 

Development Core Team) implemented in CARMAweb was used. The limma t-test was used as 

a criterion for significance (P < 0.01) for genes with > 1.5 fold-changes. Due to the low number 

of replicates no multiple testing corrections were applied. The heatmaps were generated by 

CARMAweb using median center gene normalization. Cluster dendrograms were created using 

the R script hclust. The GO-term enrichments and ingenuity pathway analysis were generated 

using 1.5 fold changed genes which exhibit P-values < 0.01 and < 0.05, respectively. GO-term 

enrichments were created with the Genomatix Software v3.1 (Genomatix) and ingenuity 

pathways using QIAGEN´s Ingenuity Pathway analysis (IPA, QIAGEN Redwood City). 

RNA sequencing of human pancreatic islets The RNA sequencing data on human 

pancreatic islets (n (normal glucose tolerant-NGT) = 66, HbA1c < 6; n (impaired glucose 

tolerant-IGT) = 21, HbA1c > 6 < 6.5; n (Type 2 Diabetic-T2D) = 19, HbA1c ≥ 6.5) were provided 

by Dr. Nikolay Oskolkov from the Human Tissue Laboratory (HTL) of Lund University Diabetes 

Centre (LUDC). The genes were annotated using Gencode v14 RefSeq and samples were 

normalized using TMM normalization. To associate the blood glucose (NGT/IGT/T2D) with the 

gene expression in human islets the Kruskal-Wallis method of non-parametric and nonlinear 

testing together with the ANOVA for linear testing was used. All statistics and calculations were 

done using the statistics software platform R. Multiple test corrections were performed with FDR 

procedure and a 5% significance threshold for the statistical analysis of the dataset. 

3.2.6 Protein biochemistry  

In order to prevent protein degradation all steps of protein purification have to be at low 

temperature and in presence of proteinase inhibitors.  

Determination of protein concentrations To determine the protein concentration the Pierce 

BCA Protein Assay Kit (Thermo Fisher Scientific) was used. The assay was carried out 

according to the user manual. Based on the absorption at 562 nm and on a BSA concentration 

curve, the protein concentrations of the samples were calculated.  

SDS-PAGE The Western blot is used to separate the proteins of a cell lysate according to 

their size and specifically detect and quantify the abundance of proteins by antibody and horse 

radish peroxidase (HRP) based labeling.  

To separate the proteins dependent on their size, the protein lysate gets supplemented with a 

SDS-loading buffer containing sodiumdodecylsulfate (SDS) and dithiothreitol (DTT) and 

denaturated upon 5 min heating to 95 °C. Thereby, the proteins get covered with the negative 

charged SDS which interacts with the denaturated protein. The amount of SDS on the protein is 

dependent on the protein size resulting in a correlation of the protein size to negative charges of 

the SDS. Four SDS poly acryl amid gels were created by stacking gel (1.3 ml 
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acrylamide/bisacrylamide-mixture, 2.5 ml 4x Tris/SDS buffer, pH6.8, 6.2 ml H2O, 20 μl TEMED, 

100 μl APS) and a 10% separating gel (10.0 ml acrylamide/bisacrylamide-mixture, 7.5 ml 

4x Tris/SDS buffer, pH8.8, 12.5 ml H2O, 40 μl TEMED, 300 μl APS). After the heating, the 

protein samples were loaded in different pockets of a SDS poly acrylamide gel, the protein 

ladder was added in one pocket and the proteins were separated using electricity (20 mA).  

Western blot The separated proteins were transferred onto a membrane in a semi-dry blot 

where the proteins can be detected with specific antibodies. Secondary antibodies coupled to 

horseradish peroxidase (HRP) bind to the specific primary antibodies. The enzyme HRP 

catalyzes the conversion of the ECL substrate to a luminescent product that can be visualized 

when exposed to a film. 

After the separation, the gels were transferred onto a PVDF membrane in a semi-dry blot using 

electricity. Therefore, the gels were equilibrated in KP buffer for 10 min and the PVDF 

membrane was prepared upon 15 s in methanol, 2 min in H2O and 5 min in APII buffer. To blot 

the gel on the membrane the blot was built in a specific order: Anode – 2x blotting paper API – 

1x blotting paper APII – PVDF membrane – Gel – 3x blotting paper KP – Cathode. After blotting 

the membrane was washed 2x in TBS-T and blocked with the blocking solution (TBS-T and 2.5-

5 % milk powder (w/v) for 2 hrs at RT to saturate unspecific binding sites for the antibodies. The 

primary antibody was added in blocking solution and incubated overnight. Prior the the 2nd 

antibody in blocking solution, the membrane was rinsed 3x and washed 3x 15 min with TBS-T. 

After 1 hr of incubation the 2nd antibody solution was rinsed 3x and washed 3x 15 min with TBS-

T before adding ECL solution and exposed in the dark to a film which was developed 

afterwards. 

Cryosections  The dissected pancreas was fixed in 4% paraformaldehyde (PFA) for 

2 hrs at RT and 2 hrs at 4°C. To monitor the pancreas head and tail differences the pancreas 

was cut in a head part and a body/tail part according to its shape and neighboring tissues. After 

washing the pancreas 3x in PBS, the tissue was cryoprotected in a sequential gradient of 5%, 

15%, 30% sucrose in PBS (1 hr each). After overnight incubation in 30% sucrose in PBS, the 

pancreas was incubated in 30% sucrose and tissue embedding medium (Leica) (1:1) for 2 hrs. 

After washing in 100% tissue embedding medium, the pancreas was orientated in an 

embedding mold, frozen using dry ice and stored at -80°C. To prepare cryosections the 

embedded and frozen pancreas was cut in 10-20 µm thick sections using a cryostat (Leica), 

mounted on a glass slide (Thermo Fisher Scientific) and dried for 30 min at RT before use or 

storage at -80°C. 

Immunostainings sections The cryosections were rehydrated with PBS for 30 min, 

permeabilized with 0.2% Triton X-100 in H2O for 15 min and blocked in blocking solution (PBS, 

0.1% Tween-20, 1% donkey serum, 5% FCS) for 2 hrs. Afterwards, the sections were incubated 

with the primary antibody in blocking solution overnight at 4°C. Prior to the incubation in 

secondary antibody in blocking solution the sections were rinsed 3x and washed 3x with PBS-T. 

Finally after 3 hrs of 2nd antibody, the sections were stained for DAPI (1:500 in PBS) for 10 min, 

rinsed and washed 3x with PBS-T and mounted using ProLong Gold antifade reagent 

(Invitrogen) or self-made Evanol.  
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EdU protocol  EdU staining was carried out according to the EdU imaging kit manual 

(Life Technologies) after staining with the 2nd antibody. 

Immunostainings of islets In contrast to cryosections, islets were transferred into a 96 well 

plate (v-shape), fixed in 2% PFA for 15 min at 37°C, permeabilized with 0.5% Triton X-100 in 

H2O for 30 min and blocked in blocking solution (PBS, 0.2% Tween-20, 1% donkey serum, 5% 

FCS) for 2 hrs. Afterwards, the islets were incubated with the primary antibody in blocking 

solution overnight at 4°C. Prior to the incubation in secondary antibody in blocking solution the 

sections were rinsed 3x and washed 3x for 15 min with PBS-T. Finally, after overnight 

incubation of the islet with the 2nd antibody in blocking buffer at 4°C, the islets were stained for 

DAPI (1:500 in PBS) for 30 min, rinsed and washed 3x with PBS-T and mounted using ProLong 

Gold antifade reagent (Invitrogen) or self-made Evanol on a cover slip equipped with a spacer 

(Life Technologies). 

Immunostainings of single cells FACS-sorted single cells from islets were centrifuged 

(1400 rpm, 4 min), washed with PBS supplemented with 2% FCS and transferred into the 

cytospin setup. The setup consists of a slide, cardboard filters and cap to load the cell 

suspensions. After loading the cell suspensions, the cells were centrifuged on the plate 

(800 rpm, 5 min), the supernatant removed, the cells fixed with 2% PFA for 10 min, washed with 

PBS-T and stained with primary and secondary antibodies according to the protocol for 

cryosections. 

Microscopy & Analysis The acquired images were analyzed using Leica LAS AF 

software, AxioVision software (Zeiss) or Imaris (Bitplane) software. Imaris was used to calculate 

the distance of nerves to FVR -cell subpopulations using the spot-distance function (Figure 

4.4). The volume of mG and mT cells in culture (Figure 4.32), the abundance of Ngn3+, Pdx1+ 

and Nkx6.1+ cells upon hypoxia (Figure 4.39) and vessel and endocrine populations in 

transplanted islets (Figures 4.41-44) were determined using surface rendering or the spot co-

localize function of Imaris. 

Transmission electron microscopy (TEM) The isolated islets of FltpT2AiCre/+; Gt(ROSA)26mTmG/+ 

mice were stained as follows. The islets were isolated, cultured in culture medium (RPMI1640, 

1xP/S and 10% FCS) and fixed in 2.5% electron microscopy grade glutaraldehyde in 0.1 M 

sodium cacodylate buffer pH 7.4 (Science Services) overnight. Then the islets were 

permeabilized in 0.2% TritonX-100 in H2O for 30 min and stained with the rabbit anti-GFP 

(Invitrogen, A11122, 1:500) antibody in blocking solution (PBS, 0.1% TritonX-100, 5% FCS, 

1% goat serum) overnight at 4°C. After rinsing and washing the islets in PBS-T, the islets were 

incubated with a gold-conjugated goat anti-rabbit antibody (Aurion, 806.011, 1:40) overnight at 

4°C and washed 2x with PBS-T. The islets or FACS-sorted FVR subpopulations were 

transferred in TEM tubes (Ted Pella, Inc.), pelleted and fixed in 2.5% electron microscopy grade 

glutaraldehyde in 0.1 M sodium cacodylate buffer pH 7.4 (Science Services).  

Afterwards, the islets or single cells were processed in the Institute of Pathology (Helmholtz 

Zentrum Munich) where they were post-fixed in 2% aqueous osmium tetraoxide, dehydrated in 

propylene oxide and an ethanol gradient (30–100%), embedded in Epon (Merck) and dried for 

48 h at 60 °C. The 200 mesh copper grids were used to collect ultrathin sections (50 nm) which 

were stained with uranyl acetate and lead citrate before transmission electron microscopy 
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(Zeiss Libra 120 Plus, Carl Zeiss NTS GmbH). A Slow Scan CCD-camera and iTEM software 

(Olympus Soft Imaging Solutions) was used to acquire images and serial pictures for image 

analyses were acquired by transmission electron microscopy (Zeiss EM10CR, Carl Zeiss NTS 

GmbH) equipped with a MegaView III camera system (Olympus Deutschland GmbH). Images 

were quantified according to a published procedure (Feuchtinger et al., 2015) using image 

analysis software Definiens Developer XD2 (Definiens AG). Initially mitochondria were 

annotated manually and to detect and quantify the length of the inner mitochondrial membrane 

within these marked mitochondria a rule set was developed. In addition, the area for each 

mitochondrion was calculated. Based on their immune-gold labeling, β-cells were identified as 

Fltp lineage+ or Fltp lineage− cells. Insulin granules were classified according to their 

morphology in immature and mature granules.  

Insulin and glucagon ELISA Insulin and glucagon concentration were determined by 

ELISA kits. Murine insulin was quantified using an Ultrasensitive Insulin ELISA kit (Cristal 

Chem), murine glucagon by Mouse Glucagon ELISA Kit (Cristal Chem) and human insulin by an 

Ultrasensitive Insulin ELISA kit (Mercodia) according to the user manuals. The analysis was 

done on the blank corrected absorptions. The hormone concentration was determined by a 

standard curve and the insulin secretion was normalized on the total insulin (secreted and 

remaining insulin content). 

6.2.7 Statistics 

The statistical analysis was carried out using Graphpad Prism. If not otherwise indicated a two-

sided and unpaired Welch-corrected t-test was used. * indicates P-values smaller than 0.05, ** 

> 0.01, *** > 0.001 and **** > 0.0001. 
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4 Results 

4.1 Abundance and pattern of Fltp and its reporter (FVR) in the islets of Langerhans 

4.1.1 Fltp reporter mouse line FltpZV and Fltp synthesis in the islet of Langerhans 

The expression of Fltp was described previously in (multi)-ciliated tissues using a reporter 

mouse system (Gegg et al., 2014; Lange et al., 2012). Moreover, its expression was observed 

in the developing pancreas (Lange et al., 2012) and its function as planar cell polarity effector 

was described in the inner ear and in trachea cells (Gegg et al., 2014). As 3D architecture is 

important for -cell function (Roscioni et al., 2016), we were interested in the existence and 

abundance of PCP in the murine islets. To monitor Fltp expression and thereby Wnt/PCP 

activity in the islets of Langerhans the Fltp reporter line Fltp lacZ Venus (FltpZV) mouse line was 

employed (Gegg et al., 2014). The FltpZV line was generated by replacement of the open 

reading frame (ORF) of Fltp by a polycistronic cassette which consists of a nuclear localization 

signal (NLS) fused to a lacZ gene encoding for -galactosidase (Figure 4.1a). Additionally it 

contains a self-cleaving T2A sequence (2A) which leads to equal expression of two neighboring 

genes and separates the Histone-2B (H2B) fused to the fluorescent reporter gene Venus and 

the NLS-lacZ. At the 3´end of the cassette an artificial intron and exon, which encodes for the 

Simian Virus 40 polyadenylation signal sequence (SV40-pA) are located to create a mature, 

polyadenylated 3´end of the mRNA. The loxP site downstream of the SV40-pA sequence 

remains from the neo resistance gene excision.  

To investigate the Fltp expression in the pancreas we performed an immunohistochemical study 

of Fltp Venus Reporter (FVR) abundance in the adult FltpZV/+ murine pancreas. Thereby, we 

found that the expression is restricted to the islets of Langerhans and absent in the duct or 

acinar cells in the adult mouse (Figure 4.1b). By Western blot analysis we confirmed the protein 

synthesis of Fltp in the isolated islets of adult mice (Figure 4.1c). The comparison between the 

reported expression in the lung (Gegg 2014) to its abundance in the islet of Fltp+/+ (WT) mice 

revealed a ~50 fold difference (Figure 4.1c,d).  
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Figure 4.1: Scheme of Fltp Venus Reporter (Fltp
ZV

) mouse model and the protein expression of 

Fltp and H2BVenus.  

(a) Targeting strategy of WT and Fltp knock-in allele (Fltp
ZV

). The NLSlacZ-T2A-H2BVenus polycistronic 
cassette is knocked into the start ATG in exon 2 and replaced the whole ORF of the Fltp gene, but the 

reporter gene utilizes the 5’- and 3`UTRs of the endogenous mRNA (modified from (Gegg et al., 2014)). 

(b) Representative laser scanning microscopy (LSM) images of Fltp reporter expression (H2B-Venus, 
green), DAPI (blue), Insulin (red), Laminin (white) and its overlay in adult pancreas of Fltp

ZV/+ 
mice (Islets 

stained by Insulin, ducts marked by yellow circles and the remaining cells are acinar; scale bars 50 µm). 

(c) Representative Western blot of Fltp protein synthesis in lung and islets of Fltp
ZV/ZV 

and Fltp
+/+

 mice. 
Fltp antibody detects a double band in lung and single band in islets, which is detectable at 25 kDa 
(calculated size 20 kDa). 

(d) Quantification of Fltp protein expression in islets of Fltp
+/+

 mice relative to its expression in the lung     
(n (mice per group) = 3, mean ± s.e.m.)  

In summary, we revealed that the Fltp Venus reporter (FVR) is expressed in the islets of adult 

FltpZV mice. This shows us that PCP exists in the murine endocrine cells. In addition, we 

observed a low Fltp protein abundance in the adult islets. Taken together, the FltpZV mouse line 

enables us to investigate the Fltp expression and thereby Wnt/PCP activity on a cellular level in 

the endocrine pancreas. 

4.1.2 The Fltp Venus Reporter (FVR) exhibits heterogeneous expression in the islets 

Although the endocrine cells are classified by their hormone expression, the different cell-types 

are not consisting of a homogenous population. Especially, the -cells exhibit an intercellular 

heterogeneity characterized by gene expression, insulin secretion and lineage potential 

(Heimberg et al., 1993; Hitoshi Katsuta et al., 2012; Kiekens et al., 1992; D. Pipeleers, Kiekens, 

Ling, Wilikens, & Schuit, 1994; Van Schravendijk, Kiekens, Heylen, & Pipeleers, 1994). 

However, the underlying principles of this heterogeneity are not fully understood. 
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Since homotypic and heterotypic cell-cell contacts and endocrine cell polarization affect the 

endocrine cell function, we wanted to explore the abundance of Wnt/PCP in the islet. Therefore, 

we analyzed the expression of the Wnt/PCP effector Fltp on a cellular level in the pancreas 

using the FltpZV/+ (heterozygous for the knock-in) mouse model. The amount of FVR expressing 

cells in the different endocrine cell lineages was quantified, using immunohistochemical 

analysis. Surprisingly, we observed heterogeneous expression of the FVR and identified two 

different cell subpopulations among the endocrine cell lineages (Figure 4.2a). Whereas 50% of 

all glucagon+ (Gcg) -, somatostatin+ (Sst) - and pancreatic polypeptide+ PP-cells are FVR+, 

80% of all Nkx6.1+ -cells are FVR+ (Figure 4.2b). Collectively, we found the existence of two 

different subpopulations distinguished by FVR abundance in the distinct endocrine cell-types. 

Thereby, we identified the FVR as a novel and unique marker for endocrine heterogeneity in the 

islets of Langerhans.  

 

Figure 4.2: Heterogeneous expression of FVR in endocrine cell lineages in the adult mouse 

(reprint with permission [Nature] Bader et al. 2016). 

(a) Representative LSM images of FVR
+
 -, -, - and PP-cells in the islets of adult Fltp

ZV/+ 
mice       

(scale bars 50 µm). 

(b) Quantification of FVR
+
 endocrine cells of the different endocrine cell lineages in adulthood                 

(n (mice) = 3-5, mean ± s.e.m.). 

The heterogeneous expression of the FVR might implicate that Wnt/PCP is one of the 

underlying principles of endocrine cell heterogeneity. To analyze this hypothesis more in detail 

we investigated these different endocrine subpopulations to characterize their signatures and 

properties and thereby understand the mechanism of -cell heterogeneity in the islets of 

Langerhans. 

4.1.3 Localization of Fltp Venus Reporter expressing cells in the islet 

The islets are highly vascularized and surrounded by a compact blood vessel network, which 

displays a 5 times higher density than in the exocrine pancreatic tissue (Ballian & Brunicardi, 

2007; Zanone, Favaro, & Camussi, 2008). This network is primarily supplying the -cells with 

oxygen, nutrients, glucose and other signals, which results in an adjusted insulin secretion. 

Besides that, the vasculature provides the extracellular matrix (ECM), which is important for 

epithelial polarity establishment (Worzfeld & Schwaninger, 2016). Indeed, the blood vessels 
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serve as structure building units for the-cells that are organized in rosette-like structures 

around them (S Bonner-Weir, 1988; Granot et al., 2009).  

By analyzing the localization of the FVR expressing cells in respect to the blood vessels, we 

were able to monitor the abundance of Wnt/PCP in -cells along the blood vessels. Therefore, 

we performed immunohistochemical studies of pancreatic sections of FltpZV/+ mice, using F-actin 

staining (Phalloidin), to identify the vasculature and cell membranes (Figure 4.3a’’). In addition, 

the transcription factor Nkx6.1 was used to mark -cells (Figure 4.3a’). Although we were not 

able to examine the islets in 3D, we still found a significant enrichment of FVR+ -cells 

juxtaposed to neighboring blood vessels in the pancreatic sections (Figure 4.3c).  

 

Figure 4.3: FVR
+
 -cells are in closer proximity to the blood vessels.  

(a-b) Representative LSM images of FVR (a), Nkx6.1
+
 -cells (a’) and Phalloidin

high
 blood vessels (a’’) in 

islets of adult Fltp
ZV/+ 

mice (yellow lines represent borders of counted areas, yellow stars the blood 
vessels, scale bar 50 µm). 

(c) Quantification of FVR
+
 -cells neighboring blood vessels (n (mice) = 3, unpaired t-test, mean ± s.e.m.).  

In addition, islets are innervated by the parasympathetic and sympathetic nervous system that 

directly affects the -cell function in the mouse (B. Ahrén, 2000). These nerve fibers travel along 

the blood vessels but create a less dense network in the islet. Using an immunohistochemical 

approach and image analysis we investigated the abundance of FVR -cell subpopulations 

close to the parasympathetic nervous system (Figure 4.4a,b). However, the quantification of 

FVR+ -cells neighboring vesicular acetylcholine transporter-positive (VaChT+) nerve fibers 

revealed no correlation of FVR+ -cells to nerve fibers in the adult islets (Figure 4.4c). 

 

Figure 4.4: The localization of FVR
+
 -cells is independent of parasympathetic nerve fibers.  

(a-b) Representative LSM images FVR (a), Nkx6.1
+
 -cells (a’) and VaChT

+
 parasympathetic nerve fibers 

(a’’) in freshly isolated islets of adult Fltp
ZV/+ 

mice (scale bar 50 µm). 

(c) Quantification of FVR
+
 -cells close to VaChT

+
 areas (n (islets) = 5, mean ± s.e.m.). 

 



Results 

54 

In summary, we observed an enrichment of FVR+ -cells in close proximity to the blood vessels, 

but not to the terminal nerve fibers. This suggests an important role of the vasculature and 

endothelial cells on Fltp expression and thereby on the establishment of PCP in -cells. Thus, 

endothelial cells might regulate Fltp expression in -cells by permitting the exchange of 

nutrients, oxygen, secretion or transport of factors and providing the scaffolds to form polarized 

structures. In contrast, the parasympathetic innervation is possibly not affecting the FVR 

expression in the -cells. 

4.1.4 The Fltp Venus Reporter expression is dependent on islet size and localization 

The pancreas itself consists of five different parts: the head, neck, body, tail and uncinate part 

(Figure 4.5a) which are defined by the ventral and dorsal bud during embryogenesis leading to 

their diverse localization and function in the adult pancreas (Islam, 2010). The most distinct 

parts are the head and the tail of the pancreas, which show differences in endocrine cell 

composition, compaction and size of the islets (Islam, 2010). To explore the involvement of 

Wnt/PCP in the inter-islet heterogeneity we investigated the FVR protein expression dependent 

on the islet localization. Therefore, we divided the pancreas in two parts and analyzed the 

abundance of FVR+ -cells in islets located in the different parts using immunohistochemistry 

(Figure 4.5b). 

 

Figure 4.5: Schematic overview of the adult pancreas 

(a) Schematic overview of the five different parts in the adult pancreas 

(b) Schematic overview of the two investigated parts in the adult pancreas 

By analyzing the LSM images, we observed a difference in the islet size between the head and 

the tail regions of the adult pancreas (Figure 4.6a). Whereas the head region exhibits a higher 

abundance of large islets, the majority of the islets in the tail region are rather small. By 

investigating the ratio of FVR -cell subpopulations, we observed an elevated ratio of FVR+ -

cells in the tail of the pancreas when compared to the head region (Figure 4.6b,c). Additionally, 

we showed that this difference is independent of the islet size, besides in the low abundant very 

small islets (0-20 -cells per section) (Figure 4.6d). These results revealed the existence of a 

different FVR+ -cell distribution in addition to the reported differences in structure and islet cell 

composition between head and tail region of the adult pancreas. Furthermore, the difference in 

the FVR+ -cell ratio suggests that the FVR expression and thereby PCP is either affected by 

the developmental origin or the structural differences of the islets from the different parts of the 

pancreas. 
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Figure 4.6: Islet localization in the pancreas influences the FVR expression in -cells (reprint with 

permission [Nature] Bader et al. 2016).  

(a) Islet size distribution between head and tail regions in the adult pancreas                          
(n (mice per part) = 4, unpaired t-test, mean ± s.e.m.). 

(b,c) Quantification (b) and representative LSM images of FVR (green) and Nkx6.1
+
 -cells (red) (c) of 

FVR
+
 -cells in islets of the head and tail regions of the pancreas (n (mice per part) = 4, unpaired t-test, 

mean ± s.e.m., scale bar 50 µm). 

(d) Quantification of the FVR
+
 -cells in the head and tail regions of the Fltp

ZV/+ 
pancreas dependent on 

the islet size (n (mice per part) = 4, unpaired t-test, mean ± s.e.m.). 

Another inter-islet heterogeneity is defined by the large variation of the islet size. Studies 

revealed differences in GSIS, oxygen consumption, amount of cell-cell contacts and viability 

after isolation between small and large islets (Lehmann et al., 2007; MacGregor et al., 2006). To 

investigate the impact of the islet size on the ratio of FVR+ -cells in islets, we performed an 

immunohistochemical study (Figure 4.7a-b’). Thereby, the comparison of the FVR+ -cell ratio in 

islets revealed a size dependent decline, suggesting a negative effect of islet size on Fltp 

expression and PCP (Figure 4.7c).  

 

Figure 4.7: FVR expression in -cells is dependent on the islet size (reprint with permission 

[Nature] Bader et al. 2016).  

(a-b’) Representative LSM images of FVR (green) and Nkx6.1
+
 -cells (red) of small (a,a’) and large 

(b,b’) islets of adult Fltp
ZV/+ 

mice (scale bars 50 µm). 

(c) Scatter plot of FVR
+
 -cell distribution relative to the number of -cells per islet section      

(green line represents the mean FVR
+
 -cell ratio). 
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Taken together, we observed on the one hand an islet localization and on the other hand a size 

dependent inter-islet heterogeneity regarding FVR -cell subpopulations in the adult murine 

pancreas. The tail part, which contains a higher amount of small islets, consists of significantly 

more FVR+ -cells compared to the islets in the head region. Further, smaller islets possess 

higher percentages of FVR+ -cells compared to the large ones. Although, the percentage of 

FVR+ -cells is increased in the smaller islets and in the small islet-enriched tail part, the 

difference of the FVR+ -cell ratio between head and tail regions is independent of the size of 

islets (Figure 3.6d). This strengthens the assumption that in endocrine cells Fltp expression and 

PCP is triggered by their developmental origin and localization in the pancreas independently 

from the effect of the islet size. 

4.1.5 Fltp Venus Reporter expression in the islets of young and old mice 

While the mother controls the blood glucose level of the embryo, the pancreatic -cells of the 

newborn are responsible to secrete the adjusted amounts of insulin in the blood after birth. 

Whereas the immature -cells of newborns are characterized by insulin secretion at basal 

glucose concentrations, the mature -cells show a tightly controlled insulin secretion. The 

underlying transition from immature to mature -cells takes place in the first 4 weeks after birth 

and consists of two maturation phases (Barak Blum et al., 2012; Stolovich-Rain et al., 2015). 

Although active PCP was reported to be important for embryonic -cell differentiation (Cortijo et 

al., 2012), the effect of PCP during -cell maturation was not investigated so far. 

To explore the impact of age and maturation on the ratio of FVR+ and Nkx6.1+ -cells, we 

performed immunohistochemical studies of pancreatic sections of post-natal day (P) 1, P11, 

P25, adult and 10-month-old (aged) FltpZV/+ mice (Figure 4.8a). Of note, these time points are 

characterized by different hallmarks in -cell function and maturation status. The investigation of 

the ratio of FVR+ Nkx6.1+ cells during the first postnatal maturation revealed a significant 

increase in the FVR+ Nkx6.1+ cell ratio from ~45% at P1 to ~60% at P11 (Figure 4.8b). 

Surprisingly, we observed no effect of weaning-induced maturation on the FVR+ -cell 

percentage at P25 but an increase in the relative number of FVR+ -cells at the adult stage. 

Interestingly, the ratio of FVR+ to FVR- -cells was slightly reduced in the aged mice.  

 

Figure 4.8: FVR expression increases during the postnatal -cell maturation and remains 

unaffected in aged animals (reprint with permission [Nature] Bader et al. 2016).  

(a) Representative LSM images of FVR (green) and Nkx6.1
+
 -cells (red) of pancreatic sections at 

postnatal day 1 (P1) or adult mice (scale bar 50 µm). 
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(b) Quantification of FVR
+
 -cell distribution during postnatal -cell maturation (P1, P11, P25), adulthood 

and aged islets of Fltp
ZV/+ 

animals (n (mice per time point) = 5-9, unpaired t-test, mean ± s.e.m.). 

To further investigate the increase in FVR+ Nkx6.1+ cell ratio during the last steps of postnatal -

cell maturation until adulthood, we performed a real time quantitative polymerase chain reaction 

(qPCR) analysis on isolated islets from P11 and adult mice. The analysis confirmed differences 

in the gene expression between postnatal and adult islets as previously reported in the literature 

e.g. induction of hormones and Ucn3, the reduction of ghrelin-producing -cells and the 

decrease of islet cell proliferation markers (mki67) upon adolescence (Figure 4.9a,b) (Barak 

Blum et al., 2012; Hellerström & Swenne, 1991; Wierup et al., 2013). Of note, we observed a  
~2-fold increase in the Fltp expression between P11 and adult islets (Figure 4.9b) that 

complements the elevated ratio of FVR+ -cells in the adult compared to P11 mice. 

 

Figure 4.9: Gene expression of hormones, Fltp and -cell maturation marker in P11 and adult 

islets. 

(a,b) Real-time qPCR analysis of islets of P11 and adult Fltp
+/+

 mice (n = 2, mean ± s.d.). 

To explore the effect of aging on the Fltp expression and on the abundance of PCP, we 

employed a Cre recombinase/loxP mediated genetic lineage tracing system that allows us to 

mark all cells, which have expressed Fltp at any stage. To achieve this, we crossed the 

constitutive active FltpT2AiCre (Lange et al., 2012) mouse with the Gt(ROSA)26mTmG (Muzumdar et 

al., 2007) reporter mouse. The FltpT2AiCre mouse possesses an insertion of a 2A sequence and a 

Cre recombinase gene in the Fltp locus that leads to equal Fltp and Cre recombinase 

expression under the Fltp promoter (Figure 4.10). The Gt(ROSA)26mTmG reporter mouse was 

generated by the insertion of an mTmG cassette with a pCA promoter in the ROSA26 locus 

(Figure 4.10). It consists of a floxed mT gene, which encodes for the membrane-bound 

fluorescent molecule Tomato, followed by a stop codon. Downstream of the mT an mG gene is 

localized, which encodes for the membrane-bound fluorescent molecule GFP. The mouse 

model expresses the red mT until the Cre recombinase irreversibly cleaves the floxed area 

consisting of the mT with the stop codon that results in the mG expression (Figure 4.10) 

(Muzumdar et al., 2007). 
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Figure 4.10: Scheme of Fltp lineage tracing mouse model (Fltp
T2AiCre/+

; Gt(ROSA)26
mTmG/+

). 

The comparison of the FltpT2AiCre/+; Gt(ROSA)26mTmG/+ mouse model describing the Fltp lineages 

and the FltpZV/+ mouse model marking Fltp expression might shed light on the dynamic of Fltp 

expression in the islet. By immunohistochemical approaches, we revealed that 80% of all -cells 

in the adult pancreas were on the one hand FVR+ (Figure 4.8) and on the other hand Fltp 

lineage+ (Figure 4.11b). This proves that the Fltp expression marks two distinct subpopulations 

in the adult pancreas. In addition, the existence of a Fltp lineage- and FVR- -cell subpopulation 

(~20%) shows that the pancreas contains a long-lasting -cell subpopulation receiving distinct 

signals compared to the FVR+ -cells. Furthermore, we observed a decrease in the relative 

number of the Fltp lineage- -cell pool but not its depletion by employing an 

immunohistochemical analysis in 10-months-old FltpT2AiCre/+; Gt(ROSA)26mTmG/+ mice (Figure 

4.11). In contrast, the ratio of FVR- -cells increases during aging in the FltpZV/+ mice (Figure 

4.8b). An explanation for this contrary trend between the Fltp lineage and the FVR mouse model 

during aging could be grounded on the functional de-differentiation of -cells in the aged 

pancreas (Chang & Halter, 2003; Gumbiner et al., 1989; Leiter, Premdas, Harrison, & Lipson, 

1988). In the FltpZV mouse this might lead to decreased amount of FVR+ -cells and thereby Fltp 

expression. Thus, the irreversible conversion of Fltp lineage- to Fltp lineage+ cells, which is likely 

ongoing in aged animals, might result in the detection of an increased Fltp lineage+ -cell 

subpopulation. 

 

Figure 4.11: The Fltp lineage
-
 -cell pool is decreasing but still remains in the aged pancreas. 

(a) Representative LSM images of isolated islets and pancreatic sections of Fltp
T2AiCre/+

, 
Gt(ROSA)26

mTmG/+
 mice (scale bars 50 µm). 

(b) Quantification of Fltp lineage
+ 

and 
-
 -cells in the adult and aged pancreas (n (mice) = 3-4, mean ± 

s.e.m.). 

In summary, we could show that the ratio of FVR+ Nkx6.1+ -cells and the Fltp expression is 

significantly increased during the postnatal -cell maturation until adulthood. This suggests that 
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PCP might play a role in -cell maturation. However, the time point briefly after the weaning, 

characterized by a metabolic shift, does not affect the ratio of the FVR -cell subpopulations. 

The comparison of the FltpZV to the FltpT2AiCre/+; Gt(ROSA)26mTmG/+ mouse model, revealed a 

similar ratio of Fltp (lineage)+ cells in both mouse models at the adult stage. This similar ratio of 

Fltp lineage+ and FVR+ -cells further suggests that the Fltp expression is limited to a subset of 

-cells rather than transiently in all -cells. Moreover, we revealed, using an Fltp lineage tracing 

approach, a decrease in the relative number of Fltp lineage- -cells in the aged pancreas. 

 

4.2 The FVR -cell subpopulations are characterized by distinct molecular signatures 

The immunohistochemical characterization of the Wnt/PCP effector Fltp via Fltp Venus Reporter 

synthesis and Fltp lineage revealed two different -cell subpopulations in the islets of 

Langerhans. Interestingly, the percentage of FVR+ -cells rises during the -cell maturation and 

the FVR subpopulations differ in their localization in the adult mouse. These remarkable findings 

of intra-islet heterogeneity in -cells encouraged us to investigate the molecular signatures of 

these subpopulations. Therefore, in depth characterization of the FVR subpopulations might 

allow us to better understand the underlying mechanisms of intra-islet -cell heterogeneity. 

4.2.1 Global gene expression analysis of the FVR endocrine subpopulations 

To explore the molecular signatures of the FVR endocrine subpopulations we isolated islets 

from adult FltpZV/+ mice and established a Fluorescence Activated Cell Sorting (FACS) scheme 

to separate FVR+ and FVR- endocrine cells by their fluorescence excited at 488 nm (Figure 

4.12a,b). In addition, we performed in collaboration with Dr. Martin Irmler (IEG-Helmholtz 

Zentrum München) a global gene expression analysis (microarray). The analysis of the 

microarrays revealed 997 significantly regulated genes (>1.5 fold) between the FVR 

subpopulations (Figure 4.12c). To control the purity of the sorted subpopulations, we compared 

the endocrine cell-type distribution among the subpopulations by immunohistochemistry. 

Thereby we detected equal amounts of glucagon+ -cells, Nkx6.1+ -cells, somatostatin+ -cells 

and pancreatic polypeptide+ PP-cells among the FVR subpopulations (Figure 4.12d,e,f). 

Furthermore, the analysis of the microarrays revealed only minimal exocrine and endothelial cell 

contaminations of the sorted endocrine subpopulations. Although ~30% of the sorted cells are 

other endocrine cell lineages, the dominant source of investigated mRNA is provided by -cells. 
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Figure 4.12: FACS sorting scheme and controls of the sorted FVR endocrine subpopulations for 

the microarray (reprint with permission [Nature] Bader et al. 2016).  

(a) Experimental design of the microarray analysis of endocrine subpopulations from Fltp
ZV/+ 

islets. 

(b) Representative pseudo color dotplot of FACS-sorting scheme of FVR endocrine subpopulations   

(black boxes represent sorting gates). 

(c) Scatter plot of the 997 significantly regulated genes among FVR endocrine cells (1.5 fold change,      
P < 0.01, limma t-test, thick line represents equal amounts, small lines 1.5 fold regulated genes). 

(d) Quantification of FACS-sorted FVR endocrine subpopulations exhibit equal amounts of endocrine cell 

lineages among the subpopulations (n = 2, mean). 

(e,f) Representative LSM images of FACS-sorted FVR subpopulations: DAPI
+
 cells (blue), FVR

+
 cells 

(green), Nkx6.1
+
 -cells (red) and PP

+
 PP-cells (white) (e) and Sst

+
 -cells (red) and Gcg

+
 -cells (white) 

(f) (scale bars 100 µm). 

Further analysis of the transcriptional signature of FVR+ and FVR- endocrine cells revealed a 

distinct expression of the genes involved in the mitochondria function, signaling and -cell 

function (Figure 4.13a). In detail, FVR+ endocrine cells express elevated levels of Fltp and 

genes involved in glucose transport (Slc2a2), insulin processing (Pcsk1, Slc30a8) and -cell 

identity (Pdx1, Nkx6.1, MafA) which are important to maintain the -cell maturity. Employing 

Gene Ontology (GO) term and ingenuity pathway analysis revealed clear differences in the 

pathway activation among the FVR subpopulations (Figure 4.13b,c). The FVR+ subpopulation 

shows an enrichment of pathways related to metabolism (hexose catabolism, TCA cycle) and 

mitochondria function, especially in the electron transport complexes (C I-V) and oxidative 

phosphorylation. Of note, the GO-term “Regulation of insulin secretion” together with the 

elevated expression of genes involved in -cell function in the FVR+ endocrine cells might 

suggest an improved insulin secretion performance in the FVR+ compared to the FVR- -cells. 

Collectively, these results propose that the FVR+ endocrine subpopulation exhibits a more 

active metabolic and functional state compared to the FVR- endocrine cells. In contrast, the 

FVR- subpopulation is enriched of GO-terms for signaling pathways such as MAPK (mitogen 

activated protein kinase), Wnt and GPCR (G-protein coupled receptor) signaling. This clustering 

of signaling pathways in the FVR- subpopulation might suggest an elevated regulation of signal 

transduction. Besides the GO-term analysis, the microarrays revealed that the FVR 
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subpopulations are expressing different levels of receptors such as Sstr3 and Sstr2 and Wnt 

ligands like Wnt4 and Wnt5b (Figure 4.13a). This suggests the existence of different stimuli 

regulating the FVR subpopulations, which might open the door to separately trigger the FVR 

subpopulations.  

 

Figure 4.13: FVR discriminates two endocrine subpopulations with different signaling and 

maturation states (reprint with permission [Nature] Bader et al. 2016).  

(a) Heat maps depicting regulated genes among FVR endocrine subpopulations involved in mitochondria 

function, receptor and signaling and -cell function (black bars mark the affiliation of the genes to the 
metabolic pathway or oxidative phosphorylation complex in the mitochondrion). 

(b) Bar graph of selected, significant enriched gene ontology terms of regulated genes among FVR 

subpopulations. 

(c) Bar graph of selected, significant ingenuity pathways of regulated genes among FVR subpopulations. 

Taken together, we could separate two FVR endocrine subpopulations by FACS using their 

difference in the Venus expression. These sorted endocrine subpopulations exhibit distinct gene 

expressions. Whereas the FVR+ subpopulation expresses high levels of genes involved in 

metabolism, oxidative phosphorylation and -cell function, the FVR- subpopulation is enriched in 

genes involved in GPCR, Wnt and MAPK signaling. To confirm these findings and link them to 

-cells, the enrichment for -cells prior to their analysis was assessed.  
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4.2.2 -cell enrichment and validation of the global gene expression analysis 

Different techniques to purify -cells using FACS are reported which make use of unique 

morphological properties or gene expression characteristics of -cells. Firstly, -cells can be 

purified upon their expression of a transgenic reporter (Mouse insulin promotor - GFP (Manami 

Hara et al., 2003)), using surface antibodies (Dorrell et al., 2011; Van De Winkel, Smets, Gepts, 

& Pipeleers, 1982), by dyes e.g. Zinc dyes (Lukowiak et al., 2001), or fluorescent exendin-4 

analogs (Clardy et al., 2015). In addition, the specific excitation of the elevated NADPH and 

FADH2 levels were used for the enrichment of -cells (Van De Winkel & Pipeleers, 1983). A less 

common technique facilitates the high abundance of granules in -cells that can be monitored 

by the side scatter (SSC-A) in the FACS (Nielsen, Lernmark, Berelowitz, Bloom, & Steiner, 

1982). The advantage of this technique is the independence to fluorescence and genetic 

manipulation of the -cells. Using the granularity, we separated the endocrine cells in four 

different subpopulations (Figure 4.14a). Whereas the populations I and II are characterized by 

high side scatter values (SSC-A), the cells in the populations III and IV exhibit a low granularity. 

By qPCR we observed a high Ins1 expression in the FVR subpopulations I and II (Figure 4.14b) 

together with a minor expression of other endocrine hormones and exocrine marker (Amy2a3). 

Additionally, we employed immunohistochemistry to quantify the endocrine cell numbers. 

Thereby, we confirmed a high enrichment for -cells in the subpopulations I and II (~90%) 

whereas the cells with decreased granularity are enriched for -cells (~80% in subpopulations 

III, IV). Of note, the FVR+ and the FVR- -cell-enriched subpopulations still possess equal 

amounts of the different endocrine cell lineages (Figure 4.14c,d). 
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Figure 4.14: -cell enriched FAC sorting scheme, qPCR and IHC staining controls (reprint with 

permission [Nature] Bader et al. 2016).  

(a) Representative pseudo color FACS plot to detect and purify four distinct endocrine cell subpopulations 

(I-IV) based on the granularity and Venus expression (gates marked by black areas). 

(b) Expression analysis of endocrine hormones and the exocrine marker Amy2a3 in both -cell enriched 
FVR subpopulations isolated from islets of adult Fltp

ZV/+
 mice (n (mice) = 5, mean ± s.e.m.).  

(c) Quantification of sorted and IHC analyzed FVR subpopulations (I, IV). 

(d) Representative LSM images of sorted -cell enriched FVR subpopulations, FVR
+
 cells (green), Sst

+
 -

cells (red), Gcg
+
 -cells (white) and Nkx6.1

+
 -cells (magenta) (scale bars 100 µm). 

Using this FACS sorting scheme to purify -cells, we validated the results of the microarray by 

RT-qPCR of targets involved in the -cell physiology and mitochondria function. Besides that, 

we verified Ins1, Venus and Fltp expression between the FVR -cell-enriched subpopulations I 

and II (Figure 4.15a). In line with the analysis of the microarrays, the FVR+ -cell-enriched 

subpopulation exhibit an increase in the expression of genes that are important for -cell 

function, maturity (MafA, Slc2a2 and Pcsk1) and oxidative phosphorylation (Atp5b) (Figure 

4.15b). Altogether, we confirmed the results of the microarray and further highlighted the distinct 

gene expression signature of the FVR subpopulations. 
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Figure 4.15: Validation of the microarray by RT-qPCR using the -cell enriched FACS-sorting 

scheme (reprint with permission [Nature] Bader et al. 2016).  

(a,b) RT-qPCR quantification of the gene expression in -cell-enriched FVR subpopulations            
(n (mice) = 3-6, unpaired t-test, mean ± s.e.m.).  

To monitor the impact of the identified transcriptional differences on the protein level and to 

identify a positive marker for the FVR- -cell subpopulation, we performed an 

immunohistochemical study of P1 and adult FltpZV/+ pancreas sections for Neuropeptide Y 

(Npy). The Npy protein is synthetized by sympathetic neurons and by immature endocrine cells 

of the neonatal pancreas. In contrast, its expression almost vanishes in the adult endocrine cells 

(Ding, Kimura, Fujimura, & Fujimiya, 1997; Lambert, Campton, Ding, Ozawa, & Granstein, 

2002; Myrsén, Ahrén, & Sundler, 1996; Whim, 2011). The mechanism of Npy action involves a 

Ca2+ independent activation of GPCR signaling through the Npy receptor Y1 resulting in the 

reduction of GSIS (Schwetz, Ustione, & Piston, 2013). Due to its expression in immature -cells 

and its negative effect on insulin secretion we investigated the Npy protein expression in the 

identified FVR -cell subpopulations. By analyzing the presence of Npy in Nkx6.1+ cells at P1 

(~25% Npy+) and its expression in adulthood (~1% Npy+) we confirmed the decline in Npy 

abundance in -cells after their maturation (Figure 4.16). Interestingly, the FVR- Nkx6.1+ 

subpopulation exhibits a ~2.5-fold elevated relative Npy+ cell abundance than the FVR+ Nkx6.1+ 

-cells (Figure 4.16e). Considering the expression of Npy (Figure 4.15b) we could prove that the 

difference in the gene expression is also preserved on the protein level. However, the 

incomplete overlap with the FVR and the localization of Npy+ -cells need to be explored in the 

future. 
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Figure 4.16: FVR
-
 Nkx6.1

+
 cells are enriched of Npy

+
 cells at postnatal day 1 and adulthood.  

(a-d) Representative LSM images of Nkx6.1
+
 -cells (a,c, red), FVR

+
 cells (a’,c’, green), and Npy

+
 cells 

(a’’,c’’, white) in pancreas sections of 1 day old (a-b) and adult (c-d) Fltp
ZV/+

 mice (scale bars 50 µm). 

(e) Quantification of Npy expressing Nkx6.1
+
 cells in the FVR subpopulations              

(n (P1) = 5, n (adult) = 3, unpaired t-test, mean ± s.e.m.). 

Considering the findings of Gegg et al. (Gegg et al., 2014), which described Fltp as a Wnt/PCP 

effector molecule, we investigated the expression of genes involved in non-canonical Wnt 

signaling and cell polarity among the FVR endocrine subpopulations. The analysis of the 

microarrays showed elevated expression levels of genes involved in polarity such as Pard6a, 

Pard3 and the Fltp binding partner Dvl3 in the FVR+ subpopulation (Figure 4.17a). By RT-qPCR 

we further identified regulated genes functioning as core PCP molecules like Celsr1 and the 

non-canonical Wnt ligand Wnt4 which were elevated in the FVR+ subpopulation. In contrast, 

Dvl2 and the Wnt/PCP ligand Wnt5b were upregulated in the FVR- subpopulation (Figure 

4.17b). These results display a difference in the expression levels of genes involved in polarity 

and non-canonical Wnt signaling which suggests an increased polarization of FVR+ -cells. Of 

note, the subpopulations differ in the expression levels of Wnt ligands. This might support the 

hypothesis that FVR subpopulations express, secrete and receive different triggers to maintain 

their identity, in which Wnt signaling plays a major role. 
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Figure 4.17: FVR
+
 endocrine cells express elevated levels of genes involved in cell polarity.  

(a) Scatter blot of regulated polarity genes among FVR endocrine cells of the microarray analysis 
(1.5 fold, P < 0.05, thick line represents equal amounts, small lines 1.5 fold regulated genes)                
(reprint with permission [Nature] Bader et al. 2016). 

(b) RT-qPCR quantification of gene expression in -cell enriched FVR subpopulations             
(n = 3-6, unpaired t-test, mean ± s.e.m.).  

In summary, we established a FACS-sorting scheme to enrich -cells that approved the 

differently regulated genes identified in the microarrays by RT-qPCR. This validation confirms 

that the observed differences in the microarray are mainly corresponding to the -cells or are 

similar in all endocrine cells. Thereby, the elevated expression of MafA, Atp5b, Pcsk1 and 

Slc2a2 (Glut2) in the FVR+ -cells suggests a higher maturation and functionality compared to 

the FVR- -cell subpopulations. Further, the difference in FVR expression in the -cell pool 

suggest that polarity, especially PCP, might play a role in distinguishing mature (FVR+) from 

less mature (FVR-) -cells in the islet. Indeed, the -cell subpopulations also differ in the 

expression of genes involved in polarity and Wnt ligands. This might indicate that the FVR -cell 

subpopulations exhibit differences in their polarization. Lastly, the detection of elevated levels of 

Npy+ Nkx6.1+ cells in the FVR- subpopulation supports the less mature character of the FVR- -

cells. 

 

4.3 Biological differences of FVR defined -cell subpopulations 

We identified two endocrine subpopulations characterized by FVR expression in the islets of 

Langerhans that exhibit a different gene expression pattern. Whereas the FVR+ subpopulation is 

enriched for GO-terms involved in the metabolic activity, oxidative phosphorylation, -cell 

function and polarity, the FVR- subpopulations is dominated by signaling pathways. These 

findings encouraged us to investigate the biological differences between these -cell 

subpopulations. In particular, we were interested in the function of the FVR- -cell subpopulation 

to explore the impact of the missing Wnt/PCP in these cells. Moreover, the low expression of 

genes involved in metabolism and -cell maturity in FVR- -cells might indicate an interesting 

reserve -cell population in the adult islet of Langerhans.  
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4.3.1 Effect of pregnancy and growth on the proliferation of FVR -cell subpopulations 

Inducing -cell replication might be one way to regenerate functional -cells upon diabetes (P. 

Wang et al., 2015). Better understanding of dynamic regulation of -cell proliferation in healthy 

animals might be the first step to identify specific triggers to regenerate functional -cell mass in 

vivo. To explore the proliferation, we employed an immunohistochemical study of pancreas 

sections of 3-months-old FltpZV/+ mice. Due to the long cell cycle length in -cells (Georgia et al., 

2004; Scaglia, Smith, & Bonner-Weir, 1995) we additionally investigated stages of increased -

cell proliferation such as growth (P1, P11) and pregnancy (G15.5) in FltpZV/+ mice (Susan 

Bonner-Weir et al., 2016; Hellerström & Swenne, 1991; Rieck & Kaestner, 2010). Thereby, we 

observed a slight, non-significant difference in the proliferation between the FVR -cell 

subpopulations at the adult stage using Ki-67. However, we identified a significant 2-4 fold 

elevated proliferation during pregnancy and growth in the FVR- -cells compared to FVR+ -cells 

(Figure 4.18).  

 

Figure 4.18: FVR
-
 -cells have a higher capacity to proliferate upon metabolic demand (reprint with 

permission [Nature] Bader et al. 2016).  

(a-h) Representative LSM images of FVR
+
 cells (green) and Nkx6.1

+
 -cells (red) (a,c,e,g) and Ki-67

+
 

cells (white, a’,c’,e’,g’) in pancreas sections of P1 (b), P11(d), adult (f) and pregnant (G15.5, h) Fltp
ZV/+

 
mice (arrow heads indicate proliferating cells, scale bars 50 µm). 

(i) Quantification of Ki-67 expressing cells among FVR -cell subpopulations in P1, P11, adult and 
pregnant (G15.5) mice (n (mice) = 5-9, unpaired t-test, mean ± s.e.m.). 

To confirm the differences in the proliferation among the FVR -cell subpopulations in the adult 

and pregnant (G15.5) FltpZV/+ mice, we used the modified desoxyribonucleotid Ethyl-Uridine 

(EdU). EdU was injected intra peritoneal (i.p.) at G14.5 to be incorporated into the DNA of 

proliferating cells during the S-phase. At G15.5 the mouse was sacrificed, the pancreas was 

dissected and analyzed using immunohistochemistry. The quantification of EdU+ -cells 

confirmed the ~3.5 fold increase in the proliferation rate of the FVR- compared to the FVR+ -

cells upon pregnancy (Figure 4.19). Interestingly, the FVR subpopulations in this setup revealed 

a difference in proliferation compared to Ki-67 protein expression in 3-months-old mice (Figures 

4.18/4.19). This is possibly caused by an increased number of EdU+ cells compared to Ki67 

resulting in more solid statistics. 
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Figure 4.19: Validation of differences in proliferation using EdU incorporation (reprint with 

permission [Nature] Bader et al. 2016).  

(a-d) Representative LSM images of FVR
+
 cells (green, a,c), Nkx6.1

+
 -cells (red, a’,c’) and EdU

+
 cells 

(white, a’’,c’’) in pancreas sections of adult (a-b) and pregnant (G15.5, c-d) Fltp
ZV/+

 mice       
(arrow heads indicate proliferating cells, scale bars 50 µm). 

(e) Quantification of EdU incorporated FVR
+
 and FVR

-
 -cells in adult and pregnant (G15.5) mice            

(n (mice) = 4, unpaired t-test, mean ± s.e.m.). 

Taken together, we identified differences in the proliferation rate between the FVR -cell 

subpopulations upon increased metabolic demand. Whereas the proliferation in FVR- compared 

to FVR+ -cell subpopulations of adult mice is slightly elevated (1.3-2 fold), this difference 

increases to 2-4 fold upon growth or pregnancy. Together with the gene expression profiling 

data, this suggests that the metabolic less active and less polarized FVR- -cells act as a 

reserve pool of -cells that have a higher capacity to proliferate upon metabolic demands and 

pro-proliferative signals. Taken into account that the FVR+ -cells express higher levels of 

genes involved in the metabolism and polarity, the difference in proliferation might be the result 

of the increased energy expense and function in the FVR+ -cells. 

4.3.2 Impact of elevated proliferation and islet size on the ratio of FVR subpopulations  

To further characterize the FVR -cell subpopulations, we investigated their contribution to the 

ratio of the FVR -cell subpopulations upon pregnancy. The quantification revealed a decreased 

ratio of FVR+ -cells in the pregnant compared to the adult control mice (Figure 4.20a). In turn, 

the percentage of FVR- -cells was increased upon pregnancy that is in line with the increased 

capacity of FVR- -cells to proliferate upon pregnancy.  

Further, we identified an islet size dependent decrease in the FVR+ -cells in adult FltpZV/+ mice 

(Figure 4.7). Since we observed a difference in the proliferation rate between the FVR -cell 

subpopulations we investigated the correlation of proliferation and islet size. The 

immunohistochemical analysis of pancreas sections in the pregnant mice (G15.5) revealed that 

the differences in the proliferation rate among the FVR -cell subpopulations are independent of 

the islet size during pregnancy (Figure 4.20b). 
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Figure 4.20: Pregnancy affects the ratio between the FVR -cell subpopulations but the 

proliferation is independent of the islet size.  

(a) Ratio of FVR
+
 to FVR

-
 -cells in adult and in pregnant (G15.5) Fltp

ZV/+
 mice (n = 5, unpaired t-test, 

mean ± s.e.m.). 

(b) Quantification of EdU incorporation among FVR
+
 and FVR

-
 -cell subpopulations relative to the 

number of -cells per islet section in pregnant (G15.5) Fltp
ZV/+

 mice (n = 4, unpaired t-test, mean ± s.e.m.) 
(reprint with permission [Nature] Bader et al. 2016).  

Taken together, we revealed that the FVR- -cells have a higher capacity to proliferate than the 

FVR+ -cells. Whereas at homeostasis in the adult the difference in the proliferation is minor, it 

increases up to four fold in the stages of metabolic demand like growth and pregnancy. This 

ability of a subset together with the increased proliferation upon demand FVR- -cell 

subpopulation might make them an attractive target for developing regenerative therapy 

approaches. 

4.3.3 Proliferative capacity of FVR subpopulations among the endocrine cell types 

In 4.3.1 FVR- -cell were discovered to exhibit a higher proliferative capacity upon demand. Due 

to the abundance of FVR subpopulations in -, - and PP-cells, we analyzed the proliferation in 

these cell types in mice 11 days after birth using immunohistochemistry. This might give insights 

into the existence of a common proliferation program of the FVR endocrine cells. In addition, 

this putative common proliferation program might further link the cell cycle length to PCP in 

endocrine cells.  

The analysis of the proliferation rate between the FVR- and the FVR+ endocrine cells revealed a 

consistent 2-3 fold difference in the proliferation among the endocrine cells types ,  and PP 

(Figure 4.21). Of note, the ratio of replicating FVR+ and FVR- cells remains similar between -, 

-, - and PP-cells. 
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Figure 4.21: FVR
-
 endocrine cells reveal increased proliferation at P11. 

(a-f’’’) Representative LSM images of DAPI (blue, b,d,f), FVR (green, b’,d’,f’), hormones (red, b’’,d’’,f’’) 
and Ki-67 (white b’’’,d’’’,f’’’) of P11 Fltp

ZV/+
 mice (arrow heads mark proliferating cells, scale bar 25 µm). 

(g) Quantification of the ratio of endocrine cell proliferation in the FVR subpopulations in P11 mice  
(n = 3, unpaired t-test, mean ± s.e.m.). 

Collectively, the significant elevated proliferative capacity of the FVR- compared to the FVR+ 

cells exhibit the same trend in -, -, - and PP-cells in mice 11 days after birth. This suggests 

that the Wnt/PCP mediated increase of the cell cycle length might be a common principle in 

FVR+ endocrine cells. Moreover, the heterogeneous FVR expression in the endocrine cell 

lineages and the common difference in proliferation between the FVR subpopulations opens 

questions addressing undescribed topics such as postnatal maturation or the heterogeneity in 

other endocrine cell types. 

 

4.4 Characterization of cell organelles among the FVR -cell subpopulations 

The cell organelles mitochondria, endoplasmic reticulum (ER) and Golgi complex play major 

roles in insulin processing and are of crucial importance for -cell function. Whereas the 

mitochondrion ensures an adapted insulin secretion on the blood glucose level by changing the 

ATP to ADP ratio, the ER functions as center of insulin synthesis, protein folding and Ca2+ 

storage (Islam, 2010). The Golgi complex and the insulin granules itself catalyze the enzymatic 

insulin maturation process (L Orci et al., 1987). Although, the mitochondria was investigated 

during insulin secretion (Kaufman, Li, & Soleimanpour, 2015) and oxidative stress (De Souza et 

al., 2007; Ma, Zhao, & Turk, 2012), the heterogeneity in mitochondria function between -cells 

was not addressed until date. Whereas PCP was shown to affect Golgi apparatus and 

mitochondria distribution in auditory hair cells (Sipe, Liu, Lee, Grimsley-Myers, & Lu, 2013), the 

effect of PCP in organelle localization and function in -cells is still unknown. The investigation 

of the mitochondria, ER, Golgi complex and insulin granules in the two -cell subpopulations 

might help to elucidate the functional differences between FVR+ and FVR- -cells and further 

clarifies the impact of distinct gene expression pattern on cell biology. 
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4.4.1 FVR -cell subpopulations are different in mitochondria morphology and complex 

content 

In -cells, mitochondria couple the metabolism of exogenous nutrients to insulin release by 

elevating the ATP level. Thereby, the mitochondrion works as a center for the cell metabolism 

by hosting the last steps of glycolysis and TCA cycle in its matrix and the oxidative 

phosphorylation in the complexes of its inner membrane (Islam, 2010).  

To investigate the possible differences in the mitochondria proteins from FVR -cell enriched 

subpopulations, we performed Western blot analysis for mitochondrial complexes I to V, which 

are involved in the oxidative phosphorylation (Figure 4.22a). The quantification revealed an 

elevated synthesis of the complex I and V in the FVR+ compared to the FVR- subpopulation. 

Interestingly, both complexes are catalyzing putative rate limiting processes by either NADPH 

oxidation in complex I (Telford, Kilbride, & Davey, 2009) or ATP synthesis in complex V (Figure 

4.22b). Therefore, the increased level of complexes I and V might suggest a difference in the 

rate of oxidative phosphorylation and thereby on the metabolism and ATP production. In 

addition, this result confirms the differences in the expression of genes coding for mitochondria 

complexes like Atp5b among the FVR subpopulations (Figure 4.13 and 4.15).  

Morphological readouts of the mitochondria function are the mitochondria size and the inner 

mitochondria membrane length (Frey & Mannella, 2000). To further characterize the 

mitochondria morphology between FVR -cell subpopulations, we employed transmission 

electron microscopy (TEM) of FACS-sorted FVR+ and FVR- -cells in collaboration with the 

Institute of Pathology of the Helmholtz Zentrum Munich. By analyzing the normalized inner 

mitochondria membrane length we detected an elevated inner membrane length in the FVR+ 

compared to the FVR- -cells (Figure 4.22 c,d). However, the mitochondria number appeared to 

be unaffected, which was investigated by comparing the levels of mitochondrial DNA (mtDNA) 

and genomic DNA (gDNA) via qPCR (Figure 4.22e).  
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Figure 4.22: FVR endocrine subpopulations exhibit differences in mitochondria complex 

expression and in the length of the inner mitochondria membrane (reprint with permission 

[Nature] Bader et al. 2016).  

(a,b) Representative Western blot for mitochondria complexes I to V (a) and quantification (b) of FACS-

sorted -cell-enriched FVR subpopulations of adult Fltp
ZV/+

 mice (dotted line represents the expression in 

FVR
-
 -cells, n (mice) = 5, median ± c.i.).  

(c) Representative TEM images of mitochondria and detected areas of the algorithm used for 

mitochondria analysis (scale bars 500 nm). 

(d) Analysis of the inner mitochondria membrane length normalized on the mitochondria area in FACS-

sorted FVR
+
 and FVR

-
 -cells (n (mice) = 2, n (mitochondria) = 544, mean ± c.i.). 

(e) qPCR analysis of mitochondrial mtDNA normalized on genomic gDNA in FACS sorted FVR
+
 and FVR

-
 

-cell-enriched subpopulations (n = 5, mean ± c.i.). 

4.4.2 Fltp lineage- -cells exhibit higher percentages of immature insulin granules 

The insulin synthesis and maturation involves multiple cell organelles in the -cell. First, the pre-

pro-insulin is translated into the endoplasmic reticulum (ER). Then, the folded protein is 

transported to the Golgi complex to be assembled in secretory granules (L Orci et al., 1987). 

The pro-insulin maturates in the granules and forms tight insulin hexamer crystals with Zn2+ 

ions, which can be observed as dense black spots in TEM images (Baker et al., 1988; Dodson 

& Steiner, 1998). This maturation process involves an enzymatic cleavage by proprotein 

convertases (Pcsks) (Dodson & Steiner, 1998). To analyze the morphology of ER, Golgi 

complex and quantify the insulin granules between Fltp lineage+ and Fltp lineage- -cells we 

employed, in collaboration with the Institute of Pathology, TEM of immuno-gold labeled 

FltpT2AiCre/+; Gt(ROSA)26mTmG/+ islets (Figure 4.23a). The morphological analysis showed that 

neither the ER nor the Golgi apparatus are altered in the FVR+ and the FVR- -cells (Figure 

4.23a). Interestingly, the quantification of mature and immature insulin granules revealed an 

increase in the amount of immature insulin granules in the Fltp lineage- -cells (Figure 4.23b,c). 

This result is in line with the observed differences in the gene expression of proprotein 

convertase Pcsk1 and Zn2+ transporter Slc30a8, which are involved in the insulin granule 

maturation (Dodson & Steiner, 1998). 
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Figure 4.23: Fltp lineage
-
 -cells possess an increased number of immature insulin granules 

(reprint with permission [Nature] Bader et al. 2016).  

(a) Representative TEM images of endoplasmic reticulum and Golgi complex of immunogold-labeled -
cells of adult Fltp

T2AiCre/+
;
 
Gt(ROSA)26

mTmG/+ 
mice (scale bars 500 nm (ER and Golgi complex) 1 nm 

(insulin granules)). 

(b) Representative TEM images of insulin granules of immunogold-labeled -cells of Fltp
T2AiCre/+

;
 

Gt(ROSA)26
mTmG/+ 

mice (m = mature, im = immature, scale bars 200 nm). 

(c) Quantification of mature and immature insulin granules (n (mice) = 5, unpaired t-test, mean ± s.e.m.). 

Taken together, we identified a difference in mitochondria morphology, protein synthesis of 

complexes and ratio of mature insulin granules among the FVR -cell subpopulations. The 

elevated inner mitochondria membrane length and the increased complex synthesis together 

with the significant enriched GO-terms, such as oxidative phosphorylation, suggest a higher 

metabolic activity in the FVR+ compared to the FVR- -cells. Additionally, the increased 

immature to mature insulin granules ratio underlines the less mature character of the Fltp- -cell 

subpopulation. The results further confirm the gene expression differences and also suggest a 

functional difference between the FVR subpopulations. 

 

4.5 The FVR -cell subpopulations exhibit a different GSIS 

We identified two endocrine subpopulations in the adult islets of Langerhans that are 

characterized by a distinct gene expression involved in metabolic activity, oxidative 

phosphorylation, -cell function, polarity and signaling pathways. In addition, we observed 

differences in the ratio of immature insulin granules and mitochondria morphology and complex 

synthesis. Since all mentioned characteristics are important for the -cell function, we 

investigated the GSIS. Of note, the identification of insulin secretion differences might be the 

best evidence for a functional difference between the FVR+ and the FVR- -cells. To investigate 

the difference in GSIS we used the -cell-enriched FACS-sorting scheme, re-aggregated the 

sorted cells in 50% conditioned MS1 medium and preformed GSIS (Figure 4.24). 
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Figure 4.24: Scheme of the re-aggregation of FACS sorted -cell enriched FVR subpopulations 

By confocal microscopy we validated the sorting quality and proved that in the FVR- cell 

subpopulation no Fltp Venus reporter was activated during the re-aggregation process and 

culturing (Figure 4.25a-b’’). In addition, we further confirmed the -cell enrichment by measuring 

the insulin and glucagon content (Figure 4.25c). The quantification showed that approximately 

95% of the hormone content was insulin. Of note, the glucagon content was similar between the 

FVR+ and the FVR- subpopulations, which suggest that both subpopulations consisting of a 

similar cell type distribution. The investigation of the GSIS revealed an increase in insulin 

secreted at high glucose concentrations (16.8 mM) in the FVR+ compared to the FVR- -cells 

(Figure 4.25d). This effect could be enhanced by the addition of arginine, which functions as 

depolarization agent and thereby amplifies insulin secretion. The insulin secretion at basal 

glucose levels (2.8 mM), however, remains low and unaltered.  

 

Figure 4.25: Aggregates of FVR
+
 subpopulation release higher levels of insulin upon high glucose 

levels and arginine induction than FVR
-
 -cell clusters.  

(a-b’’) Representative LSM images of FVR (green, a’’,b’’), bright field (BF, a’,b’) and overlay of 
aggregates of sorted islets of adult Fltp

ZV/+ 
mice (scale bars 50 µm) (reprint with permission [Nature] 

Bader et al. 2016). 

(c) Quantification of insulin level normalized on insulin and glucagon levels (n (FVR
+
) = 9, n (FVR

-
) = 6, 

mean ± s.e.m.). 

(d) Quantification of insulin secretion of FVR
+
 and FVR

-
 aggregates upon low and high glucose levels and 

arginine (n (mice) = 3, unpaired t-test, mean ± s.e.m.) (reprint with permission [Nature] Bader et al. 2016). 

In summary, the FVR+ -cell subpopulation exhibit an elevated insulin secretion upon high 

glucose and arginine compared to the FVR- -cells. This proves that the -cell subpopulations, 

which are different in -cell and insulin granule maturity and mitochondria, also possess an 

altered -cell function.  
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4.6 Fltp lineages possess different features upon re-aggregation in vitro 

The enhanced proliferation of the FVR- -cells on the one hand and the elevated metabolic 

activity and maturation status of the FVR+ -cells on the other hand opens interesting biological 

questions such as their potential of self-renewal. Therefore, live imaging of the endocrine cell 

subpopulations can be used to answer basic questions about their aggregation, proliferation, 

effect of extracellular matrices (ECM) and survival.  

4.6.1 Fltp lineage- endocrine cells are prone to form sphere-like clusters in ECM based 

culture 

Self-renewal is one of the key characteristics of stem cells, which’s existence is still under 

debate in the adult islet (Teta et al., 2007). The Van der Koy group described a pancreas 

derived multipotent precursor (PMP) in the adult islets of Langerhans that expresses insulin 

(Seaberg et al., 2004). To investigate the ability of self-renewal between the FVR 

subpopulations, we established a sphere formation assay. Of note, we used the highly 

proliferative endocrine cells from five to seven days old mice. Therefore, we plated single cells 

from islets of young mice in matrigel and tracked the formed cell clumps over time (Figure 4.26). 

 

Figure 4.26: Experimental overview of sphere-like cluster formation of islet cells from young mice 

Using live imaging we observed that the cells started to form small aggregates at time point 0 

and exhibit a small lumen after approximately 10 hours (Figure 4.27). This sphere-like structure 

remains stable until the last time point after 33 hours. Collectively, we observed the formation of 

islet cell sphere-like structures in matrigel. These structures further suggest an intrinsic 3D 

organization and polarization of endocrine cells. 

 

Figure 4.27: Isolated endocrine cells of young mice are able to from sphere-like structures in 

matrigel (n (spheres) = 3, time = hours, scale bar 50 µm). 

Due to the proliferation differences between the FVR+ and the FVR- -cells we further 

investigated their ability to form sphere-like structures. Incidentally, the cells of the PMPs are 

characterized by low protein expression of Glut2 (Slc2a2), which we observed in the FVR- -cell 

subpopulation on gene expression level. By plating single islet cells of young FltpT2AiCre+; 

Gt(ROSA)26mTmG/+ mice we observed that exclusively Fltp lineage- cells were able to form these 

polarized clusters (Figure 4.28a-b’’’). Interestingly, these structures were not, as expected, 
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exclusively formed by cell replication but also by intercalation of neighboring cells (Figure 

4.28a’,a’’). In contrast to the experiment in Figure 4.27, the sphere-like structures were formed 

later and exhibit a different size due to differences in the density of plated cells and matrigel.  

 

Figure 4.28: Fltp lineage
-
 islet cells are prone to form sphere-like structures in ECM. 

(a-b’’’) Representative longitudinal analysis of epifluorescence images of Fltp lineage positive (mG, 
green) and negative (mT, red) islets cells of adult Fltp

T2AiCre/+
;
 
Gt(ROSA)26

mTmG/+ 
mice (n (spheres) = 6, 

time = hours, scale bars 50 µm). 

Collectively, the Fltp lineage- islet cells of 5-7-days-old mice are capable to form sphere-like 

structures in vitro. These structures start to form after aggregation of a small number of cells 

and grow over time. Although the structure integrates neighboring cells, the dominant process of 

expansion is cell proliferation, which points to an elevated self-renewal.  

4.6.2 Fltp lineages exhibit a different cell survival in culture 

To further investigate the effect of aggregation on the endocrine cells we employed a culture 

condition on uncoated dishes to monitor the compaction and survival of these cells. This 

approach may also provide insights into the aggregation, polarization and their effect on Fltp 

expression. To address these goals, we plated and cultured single endocrine cells from young 

FltpT2AiCre/+; Gt(ROSA)26mTmG/+ mice in uncoated dishes (Figure 4.29). 

 

Figure 4.29: Experimental overview of endocrine cell forming aggregates without ECM 

Live imaging analysis of the islet cell subpopulations indicated a fast aggregation of cells to long 

cord-like structures (Figure 4.30a,a’), which later started to compact to spherical structures 

(Figure 4.30a’’-a’’’). Employing image analysis we quantified the volumes of Fltp lineage positive 

and negative cells over time (Figure 4.30b). Surprisingly, we observed a decreased volume in 

the Fltp lineage+ cell subpopulation, starting as early as four hours after the beginning of the 

movie. In contrast, the Fltp lineage- islet cell subpopulation remains stable over the analyzed 

time and rather slightly increases its volume to 115% of the initial volume. This difference in the 

volume between Fltp lineage+ and lineage- cells became larger in the later time points and 

reached its maximum after eight hours. After this time, the volume of the Fltp lineage+ islet cell 

subpopulation remains stable at around 65% of the initial volume. In line, the ratio of counted 
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cells at 0, 3 and 17 hours after onset of the experiment revealed a significant decrease of the 

Fltp lineage+ cells to ~70% at 17 hours, whereas the relative number of the Fltp lineage- cells 

was slightly increased (Figure 4.30c). Together with the difference in the volume, this trend 

might suggest a different extent of -cell death in both Fltp lineages. Moreover, these 

differences in the -cell volume and number upon culturing suggest a negative effect on the 

survival of the Fltp lineage+ subpopulation in vitro.  

 

Figure 4.30: During aggregation Fltp lineage
+
 endocrine cells are prone to die in vitro short time 

after isolation.  

(a) Representative epifluorescence images of Fltp lineage positive (mG, green) and negative (mT, red) 
endocrine cells of Fltp

T2AiCre/+
;
 
Gt(ROSA)26

mTmG/+ 
mice at different time points (time = hours, scale bar 

50 µm). 

(b,c) Quantification of the volumes (b) and cell numbers (c) of the Fltp lineages normalized on start time 
point (n (movies) = 2, n (Positions) = 7, unpaired t-test, mean ± s.e.m.). 

Taken together, the Fltp lineages revealed different reactions to culture systems in vitro: The 

Fltp lineage- cells are prone to form sphere-like structures underlining their less mature 

character and suggesting similar properties in proliferation to PMPs. However, the Fltp lineage+ 

cells show a decreased volume and number in vitro culture conditions, indicating elevated -cell 

death upon stress factors such as disruption of the islet structure and integrity. 

 

4.7 Existence and triggers of conversion of Fltp lineage negative to positive cells 

The literature describes two (or more) different -cell subpopulations, which differ in gene 

expression and/or function (Hitoshi Katsuta et al., 2012; D. G. Pipeleers, 1992; D. Pipeleers et 

al., 1994; Seaberg et al., 2004). However, the dynamic in conversion of these subpopulations is 

not addressed up until now. The identification of FVR subpopulation conversions might be 

important to understand the establishment of the FVR subpopulations in the developing and 

adult mouse. Since Fltp is a Wnt/PCP effector, the conversion of FVR- into FVR+ -cells might 

further confirm Wnt/PCP as a trigger of the last step of functional maturation. Furthermore, it 

might contribute to develop regenerative strategies to regenerate functional -cells in the adult. 
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4.7.1 Conversion of Fltp lineage negative to Fltp lineage positive endocrine cells 

The data reported so far describe Fltp+ -cells as mature, functional and slowly cycling -cells. 

In contrast, Fltp- -cells are characterized by their high proliferative capacity, decreased maturity 

and function. These properties suggest that the Fltp- -cells resemble progenitor-like -cells 

(pro--cells) of the mature Fltp+ -cells. Understanding the conversion of the Fltp- to Fltp+ -cells 

would be a powerful tool to further characterize the triggers of functional -cell maturation. 

To investigate the conversion we used endocrine cells and islets of the Fltp lineage FltpT2AiCre/+; 

Gt(ROSA)26mTmG/+ mouse. This reporter system allows tracing of cells which never expressed 

Fltp by their red fluorescent membrane and cells which express or expressed Fltp by their green 

fluorescent membrane (Figure 4.31a). Furthermore, the start of Fltp expression can be traced 

by monitoring “yellow” cells. Therefore, the Cre-mediated excision of the floxed reporter DNA 

leads to a short time window, which is characterized by remaining mT on their cell membrane 

and freshly synthetized mG. By live imaging we were able to track this conversion from Fltp 

lineage- into Fltp lineage+ endocrine cells (Figure 4.31b-c’’). 

 

Figure 4.31: Fltp lineage
-
 -cells are converting into Fltp lineage

+
 -cells in vitro.  

(a) Scheme of reporter system and synthesis of fluorescent proteins in different Fltp lineages. 

(b-c’’) Representative epifluorescence images of endocrine cells converting from Fltp lineage
-
 (mT, red) 

into Fltp lineage
+ 

(mG, green) of adult Fltp
T2AiCre/+

;
 
Gt(ROSA)26

mTmG/+ 
mice (time = hours, scale bars 

50 µm). 

Due to our main interest in -cells, we investigated the Fltp lineage conversions in Nkx6.1+ -

cells. By immunohistochemical studies we confirmed the existence of converting Fltp lineage- 

into Fltp lineage+ -cells in freshly isolated islets (Figure 4.32a-b’’’). In addition, we showed the 

conversions by overlapping mG and mT fluorescence in transplanted islets (Figure 4.32c-c’’). 
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Figure 4.32: Fltp lineage
-
 -cells are converting into Fltp lineage

+
 -cells ex vivo and in vivo.  

(a-a’’’) Representative LSM images and magnification (b-b’’’) of a converting Fltp lineage
-
 (mT, red, 

a’’,b’’) into Fltp lineage
+ 

(mG, green, a’,b’) Nkx6.1
+
 -cell (white, a’’’,b’’’) of a fixed section from adult 

Fltp
T2AiCre/+

;
 
Gt(ROSA)26

mTmG/+ 
mice (magnified area visualized by white square and converting cell by 

white circle, scale bars 25 µm). 

(c) Two photon (TP) LSM images of converting Fltp lineage
-
 (mT, red, c’’) into Fltp lineage

+                         

(mG, green, c’) endocrine cells in a transplanted islet (converting cells marked by white line, scale bars 
25 µm) (reprint with permission [Nature] Bader et al. 2016). 

In summary, the existence of converting Fltp lineage- into Fltp lineage+ -cells in vitro and in vivo 

proves that this process takes place in the living animal and can be triggered by intrinsic or 

extrinsic signals. Moreover, the low number of conversions and the high abundance of Fltp 

lineage- -cells suggest that this process is a rare event.  

4.7.2 Characterization of Fltp expression during the conversion in endocrine cells 

Since Fltp expression is increased in the FVR+ -cells when compared to the FVR- -cells, we 

investigated its expression dynamic (continuously vs. transient), especially upon conversion 

from the Fltp lineage- to lineage+ state. By quantitative PCR of FACS-sorted Fltp lineage 

negative, positive and converting endocrine cells we investigated the correlation between Fltp 

and GFP expression (Figure 4.33a,b). Whereas GFP expression is absent in the Fltp lineage- 

endocrine cells it rises up during the conversion and reaches its plateau phase in the Fltp 

lineage+ cells. In comparison, the expression of Fltp reaches its maximum in the yellow mT/mG 

cells (Figure 4.33b,c). Of note, the Fltp expression in the Fltp lineage- cells is almost absent 

compared to the Fltp lineage+ cells. Collectively, the Fltp expression is composed of a transient 

peak of high expression during conversion and a plateau phase of medium Fltp expression in 

the Fltp lineage+ endocrine cells. The peak might suggest that Fltp or Wnt/PCP plays a transient 

and important role upon -cell maturation. Thus, the plateau phase of Fltp expression might 

represent a continuous function of Fltp or Wnt/PCP in the mature Fltp lineage+ endocrine cells. 
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Figure 4.33: Converting endocrine cells express higher levels of Fltp than Fltp lineage
+
 cells.  

(a) FACS-sorting scheme of the three different endocrine subpopulations (Fltp lineage
-
 (mT, red), Fltp 

lineage
+
 (mG, green), converting cells (mT/mG, yellow) of Fltp

T2AiCre/+
;
 
Gt(ROSA)26

mTmG/+ 
islets.  

(b) qPCR analysis of Fltp and GFP expression in the three different endocrine subpopulations normalized 
on each Fltp lineage

+
 sample (n (mice) = 4, Fltp: Ct mean = ~28 (mT), ~23.5 (mTmG), ~25 (mG), mean ± 

s.e.m.). 

(c) Model of Fltp and GFP expression during conversion from Fltp lineage
-
 into Fltp lineage

+
 -cells.  

4.7.3 Potential trigger of Fltp expression in endocrine cells 

The -cell maturation is currently of great interest due to its implications in two research areas, 

-cell regeneration and -cell replacement. Therefore, identifying trigger of Fltp expression, 

which coincident with -cell maturation, might enable us to further discover novel modulators 

and mechanisms of -cell maturation. To detect triggers for Fltp synthesis, we followed two 

different avenues, which affect Wnt/PCP induction; the establishment of endocrine cell 

structures and the induction of Wnt/PCP pathway via non-canonical Wnt ligands. Thereby, we 

utilized different coating materials to inhibit or activate the aggregation of cells of the mouse 

insulinoma cell line (Min6) (Figure 4.34). In detail, the Min6 cells form a 2D adherent cell layer in 

the treated dishes but aggregate in untreated culture dishes by forming floating 3D clusters. In 

addition, the ligand Wnt5a was used to trigger Wnt/PCP pathway activation.  

 

Figure 4.34: Experimental scheme of Min6 3D and 2D cultures (scale bars 50 µm). 

To investigate the effect of compaction and non-canonical Wnt signaling we performed a 

quantification of Fltp and Nkx6.1 protein expression in Min6 cells upon different culture 

conditions using Western blot analysis. Besides, Nkx6.1 functions as an indirect readout of -

cell maturation. Upon cell aggregation and non-canonical Wnt treatment, we observed an 
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increase in the Fltp and Nkx6.1 synthesis respectively and additively (Figure 4.35a,b). 

Interestingly, the effect of non-canonical Wnt appears to be the dominant trigger for Nkx6.1 

whereas the aggregation of Min6 to 3D clusters seems to affect the Fltp protein synthesis to a 

higher extent. Collectively, this result proves that maturation and Fltp expression can be 

triggered in Min6 cells by non-canonical Wnts and cell aggregation. 

 

Figure 4.35: Compaction and Wnt5a trigger Fltp and Nkx6.1 synthesis in an additive manner 

(reprint with permission [Nature] Bader et al. 2016).  

(a) Representative Western blot of Fltp, Nkx6.1 and -tubulin protein expression in Min6 upon 6 days 

treatment with or without Wnt5a in 2D or 3D culture. 

(b) Quantification of Fltp and Nkx6.1 protein expression in Min6 upon 6 days treatment with or without 

Wnt5a in 2D or 3D culture (normalized on -tubulin and on 2D condition, n (mice) = 5, mean ± s.e.m.). 

To confirm the positive effect of Wnt5a on Fltp and Nkx6.1 protein synthesis we used dispersed 

islets of five-day-old mice. To monitor the -cell maturation, Ucn3 protein expression was 

chosen as it has been recently identified as a postnatal -cell maturation marker in mice (Barak 

Blum et al., 2012). Interestingly, we detected differences in the Ucn3 levels between individual 

cells and between the two conditions (Figure 4.36a). The analysis of the endocrine cells 

cultured in the presence of Wnt5a showed a significant, 3-fold increase of Ucn3high cells 

compared to the cells cultured in untreated condition after 3 days (Figure 4.36b). In line with 

these results, gene expression analysis confirms the upregulation of Ucn3 and Nkx6.1 upon 

Wnt5a treatment. Moreover, non-canonical Wnt signaling increases the expression of Fltp and 

Slc2a2 (Glut2), which is important for mature and functional -cells (Figure 4.36c).  

 

Figure 4.36: Wnt5a triggers -cell maturation in young islet cells (reprint with permission [Nature] 

Bader et al. 2016).  

(a-a’) Representative LSM images of Ucn3 (red), -catenin (white) and DAPI (blue) in aggregated islet 
cells of P5 Fltp

+/+
 mice treated 3 days with or without Wnt5a (Arrows mark Ucn3

high
 cells, scale bars 

10 µm). 
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(b) Quantification of Ucn3
high

 expressing cells in structures treated 3 days with or without Wnt5a             
(n (mice) = 3, unpaired t-test, mean ± s.e.m.). 

(c) Gene expression quantification by qPCR upon Wnt5a stimulated or not stimulated aggregated P5 islet 
cell structures (n (mice) = 4, unpaired t-test, mean ± s.e.m.). 

In summary, Fltp- cells rarely convert into Fltp+ endocrine cells in vitro and in vivo. During this 

conversion Fltp expression peaks and then decreases to a medium expression level in Fltp 

lineage+ cells. Additionally, this process of conversion can be additively triggered by compaction 

and Wnt5a administration in the Min6 and immature -cells in vitro. Moreover, Wnt5a treatment 

induces the maturation of islet cells and Min6 cells marked by high levels of Ucn3 or Nkx6.1, 

respectively, which correlates to an increased expression and synthesis of the Fltp protein. 

4.7.4 Effect of reduced oxygen tension on -cell maturation and identity 

The isolation and culturing of islets trigger several changes in these micro-organs. Firstly, the 

dense blood vessel network in the islets is degraded. Also the remaining intra-islet nerve cells 

decay over time in culture. Secondly, the larger sized islets form a hypoxic core due to the lack 

of oxygen in the floating ex vivo culture (Lucas-Clerc, Massart, Campion, Launois, & Nicol, 

1993). The reduced O2 concentration in the core leads to malfunction and de-differentiation of -

cells (Y. Sato et al., 2014; Vasir et al., 1998).  

During development, the transient expression of Neurogenin 3 (Ngn3) between E12.5-15.5 in 

endocrine progenitors is crucial to initiate endocrine specification (G. Gu et al., 2002). In 

contrast, MafA is synthetized in -cells from E15.5 until adulthood and is one of the key 

transcription factors important for -cell identity (Artner et al., 2010). By immunohistochemical 

studies we investigated the effect of reduced oxygen levels on the expression of the immature 

-cell marker Ngn3 in isolated islets (Figure 4.37a-d). The analysis of the Ngn3+ islet cell ratio 

confirms that islets in normoxia lack Ngn3 synthesis, thus reduction of oxygen levels to 5% 

induces Ngn3 synthesis up to 35% of the islet cells (Figure 4.37e). In contrast, the levels of 

Pdx1 and Nkx6.1 were not altered by decreased oxygen tension (Figure 4.37f-j). To exclude the 

contribution of residual islet vasculature we monitored the blood vessel volume over time by 

immunohistochemical studies of Pecam1 and subsequently volume reconstructions using Imaris 

software (Figure 4.37k). The blood vessel network, which was already decreased one day after 

islet isolation was almost absent after four days. 
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Figure 4.37: Hypoxia induces Ngn3 protein expression but has no effect on Pdx1 and Nkx6.1 

(a-d) Representative LSM images of islets in hypoxia at different time points (DAPI (blue), Ngn3 (green), 

MafA (red) and Insulin (white), scale bars 50 µm). 

(e) Quantification of Ngn3 protein expression in adult islets cultured for 1 or 4 days in 20% or 5% O2       

(n (mice) = 2, n (islets) = 8, mean ± s.e.m.). 

(f-i) Representative LSM images of islets in hypoxia at different time points (DAPI (blue), Pdx1 (green) 

Nkx6.1 (red) and scale bars 50 µm). 

(j) Quantification of Pdx1
+
 and Nkx6.1

+
 cells  in adult islets cultured for 1 or 4 days in 20% or 5% O2        

(n (mice) = 2, n (islets) = 8, mean ± s.e.m.). 

(k) Quantification of the blood vessel volume in adult islets cultured for 1 or 4 days in 20% O2                  

(n (mice) =2, n (islets) = 8, mean ± s.e.m.). 

In summary, we confirmed that the islet vasculature decays ex vivo and we revealed a re-

expression of Ngn3 in -cells cultured in 5% O2 hypoxic conditions. Although Pdx1 and Nkx6.1 

protein levels are not altered, the Ngn3 synthesis suggests that hypoxia triggers partially the 

embryonic -cell transcription program. Furthermore, this implicates that islets, which exhibit a 

hypoxic core, are possibly affected by an altered -cell maturation status.  

 

4.8 Effect of islet transplantation and high-fat diet on Fltp lineages in the endocrine 

The advantage of the fluorescent reporter system is the easy traceability of marked cells on a 

longitudinal scale. In respect of -cell heterogeneity this opens new avenues of characterizing 

the -cell subpopulations upon islet revascularization and innervation after the transplantation. 

Furthermore, the impact of high-fat diet on these FVR subpopulations and thereby on the PCP 

signaling can be addressed at different time points. However, longitudinal analysis of -cell 
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subpopulations in vivo was never reported using the published markers of -cell heterogeneity 

until date. 

To explore these environmental effects on the islets, we transplanted in collaboration with the 

laboratory of Dr. Stephan Speier, islets of the FltpT2AiCre/+; Gt(ROSA)26mTmG/+ mice in the anterior 

chamber of the eye of Albino B6 Rag1−/− mice (Figure 4.38a-c). This technique allows the 

longitudinal analysis of post-transplantation effects and further impact of diet-induced changes 

through the eye as natural body window. The effect of revascularization and innervation was 

monitored by two-photon microscopy every second week during the first four weeks after 

transplantation (Figure 4.38d). After a resting time (Gap) of 10 weeks, the transplanted islets 

were examined every four weeks after the onset of the high-fat diet for eight weeks. 

 

Figure 4.38: Experimental design of transplanted Fltp
T2AiCre/+

,
 
Gt(ROSA)26

mTmG/+ 
islets.  

(a-c) Illustration of islet transplantation into the anterior chamber (AC) of the eye (a,b), photograph of 
islets engrafted on the iris (c) (reprinted by permission from Macmillan Publishers Ltd: [nature medicine] 

(Speier et al. 2008), copyright 2008, scale bars 2 nm). 

(d) Time line of the 4 weeks post-transplantation, 10 weeks resting and 8 weeks of high fat diet (HFD). 

4.8.1 Impact of transplantation and vascularization on endocrine Fltp lineages 

The transplantation into the anterior chamber of the eye re-establishes the lost blood vessel 

network in the islet caused by its isolation (S Speier et al., 2008). Whereas the nutrient and 

signal supply is limited to the islet periphery in cultured islets, the transplantation and thereby 

growing vasculature to the core restores the nutrient supply in the whole islet (S Speier et al., 

2008). To examine the re-establishment of the dense blood vessel network and the islet size we 

injected intravenous Qtracker® 705 prior to capturing TPLSM images after 3, 13 and 28 days 

after transplantation. The vessel and islet volume in each transplanted islet was evaluated by 

employing a protocol based on the 3D imaging software Imaris (Bitplane). The vessel volume 

was calculated in correlation with the total islet volume.  

In line with the literature, the islets get completely engrafted after the transplantation. In detail, 

3 days after transplantation the islet attach to the iris and vessels are observable at the 

peripheral regions of the islet (Figure 4.39a,b). Then, the microvasculature network covers the 

whole islet by day 13 and later at day 28 appeared as dense and uniformly sized network. By 

contrast, we observed a decrease of islet size over time (Figure 3.39b). This might be caused 

by structural changes (S Speier et al., 2008) and insufficient nutrient supply during islet 



Results 

85 

revascularization. Furthermore, the islets undergo structural changes resulting in a flattening of 

the islets. One possible explanation is their environmental alteration from the natural three-

dimensional environment in the pancreas to the planar structure on the surface of the anterior 

chamber of the eye. 

 

Figure 4.39: Islet revascularization and size changes during the first 4 weeks after transplantation.  

(a-a’’) Representative Two Photon (TP) LSM images and reconstructions of the vasculature (white) at 
different time points during the first four weeks after transplantation (scale bars 100 µm).  

(b) Longitudinal quantification of relative islet size and relative vessel volumes of transplanted Fltp
T2AiCre/+

;
 

Gt(ROSA)26
mTmG/+

 islets into the AC during the first four weeks after transplantation (n (mice) = 4,             
n (islets) = 15, unpaired t-test, mean ± s.e.m.) (reprint with permission [Nature] Bader et al. 2016). 

Due to the different properties of the Fltp lineage+ and Fltp lineage- -cells in terms of 

maturation, function and proliferative capacity and the re-establishment of the vascular network 

and thereby AB polarity briefly after transplantation we investigated the FVR subpopulations 

during the engraftment time using an Imaris based analysis. By subtraction of the stained blood 

vessels we determined the ratio of the Fltp lineage+ volume by mG to the Fltp lineage- volume 

by mT at 3, 13 and 28 days after transplantation (Figure 4.40a). At day 3 the endocrine Fltp 

lineage+ volume possessed the expected ~65% of the islet (Figure 4.40b). Thus, we observed a 

decrease in the ratio of the Fltp lineage+ to Fltp lineage- volume at day 13 to (~55%) which was 

followed by an increased up to ~60% at day 28. By counting all endocrine cells every 10 µm we 

confirmed that not only the ratio of volumes was changed but also the ratio of the cell number 

(Figure 4.40c). Furthermore, the difference between 3 and 28 days after transplantation in the 

Fltp endocrine subpopulations almost vanishes whereas the decline at day 13 exhibit similar 

levels to the volumes at day 13. Additionally, the calculated, relative changes in the Fltp lineage+ 

and lineage- volumes reveal that the Fltp lineage- subpopulation slightly increases over time 

whereas the relative volume of the Fltp lineage+ subpopulation exhibit a minimum of 55% at day 

13 and increases again to ~85% at day 28 (Figure 4.40d).  
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Figure 4.40: Nutritional starvation and structural rearrangements in the first four weeks after 

transplantation have an impact on the Fltp lineages.  

(a-a’’) Representative TPLSM images of Fltp lineage
-
 (red, mT) and Fltp lineage

+
 (green, mG) endocrine 

cells at different time points (scale bars 50 µm) (reprint with permission [Nature] Bader et al. 2016). 

(b) Quantification of the ratio of Fltp lineage volumes of transplanted Fltp
T2AiCre/+

,
 
Gt(ROSA)26

mTmG/+
 islets 

into the AC during the first four weeks after transplantation (n (mice) = 4, n (islets) = 15, unpaired t-test, 

mean ± s.e.m.) (reprint with permission [Nature] Bader et al. 2016). 

(c) Quantification of the ratio of mG and mT endocrine cell numbers during the first four weeks after 
transplantation (n (mice) = 4, n (islets) = 15, unpaired t-test, mean ± s.e.m.) (reprint with permission 

[Nature] Bader et al. 2016). 

(d) Longitudinal changes in the ratio of mG and mT volumes during engraftment time in relation to day 3 
(n (mice) = 4, n (islets) = 15, unpaired t-test, mean ± s.e.m.). 

Collectively, we observed a regular engraftment and islet size reduction during the first 28 days 

after transplantation. Interestingly, the Fltp endocrine subpopulations exhibit different 

characteristics during this time period. Whereas the Fltp lineage- subpopulation slightly increase 

in volume, the Fltp lineage+ subpopulation decrease in their volume and relative number. These 

distinct reactions suggest different response to metabolic stress. Of note, the volume gain of the 

Fltp lineage+ subpopulation between 13 and 28 days after transplantation reveals an interesting 

time window for functional -cell regeneration.  

4.8.2 Impact of high-fat diet on endocrine Fltp lineages 

Diet-induced obesity causes an increasing risk for peripheral insulin resistance. This insulin 

resistance causes a short compensatory proliferation of -cells that is followed by elevated ER 

stress due to the excessed insulin production and secretion, which leads to -cell dysfunction 

and death. Monitoring the effect on the -cell subpopulations could give further insights into their 

functional properties during excessive carbohydrate and fat supply and extended insulin 

secretion. For this experiment the animal study of 8 weeks high-fat diet, data acquisition and 

analysis, was done by the Laboratory of Dr. Stephan Speier. 

By evaluating the islet size at pre-diet, after 4 and 8 weeks of high-fat diet we observed an 

expected increase in the islet size compared to the control group on chow diet (Figure 4.41a,b). 
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In addition, we detected an elevated granularization of the islet cells by investigating the 

intensity of the backscatter light (Figure 4.41a). This suggests an increased insulin production 

and storage in the -cells upon HFD. The glucose tolerance test (GTT) further confirms the 

onset of an impaired blood glucose control, which was induced by high-fat diet (Figure 4.41c). 

 

Figure 4.41: Controls of the islet size of the transplanted islets and glucose tolerance of the mice 

on HFD and on chow diet (reprint with permission [Nature] Bader et al. 2016). 

(a) Maximum intensity projection of laser backscatter of identical transplanted Fltp
T2AiCre/+

;
 

Gt(ROSA)26
mTmG/+

 islets before (Pre-diet) and after 8 weeks of HFD (scale bars 50 µm). 

(b) Longitudinal quantification of the total transplanted islet volumes during HFD (n (mice) = 5,                   

n (islets) = 25, Sidak´s multiple comparison test, mean ± s.e.m.). 

(c) Longitudinal quantification of the glucose levels using ipGTT by area under the curve (AUC) 

quantification (n (mice) = 5, n (islets) = 25, Sidak´s multiple comparison test, mean ± s.e.m.). 

To monitor the impact of high-fat diet on the volume and area of the endocrine cell 

subpopulations and thereby on Wnt/PCP induction, an Imaris based analysis was used to 

evaluate the compartment volumes and the cell cross sectional area (Figure 4.42a). 

Interestingly, the Fltp lineage+ compartment exhibits a predominate growth compared to the Fltp 

lineage- compartment (Figure 4.42b). By closer investigation of the subpopulations, in particular 

by analyzing the cell cross-sectional area, the Fltp lineage+ cell area appeared to be significantly 

increased compared to the area of Fltp lineage- cells (Figure 4.42c). This collectively suggests 

that the predominant cause of the Fltp lineage+ volume growth was based on the elevated cell 

size rather than cell replication. Furthermore, the increased cell size implies cell hypertrophy, 

which takes place as a compensatory mechanism in highly metabolic active cells (J. Ahrén, 

Ahrén, & Wierup, 2010; Cerf & Louw, 2014). 
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Figure 4.42: Diet induced obesity induces hypertrophy in the Fltp lineage
+
 endocrine cells (reprint 

with permission [Nature] Bader et al. 2016).  

(a) Representative TPLSM images of transplanted Fltp
T2AiCre/+

;
 
Gt(ROSA)26

mTmG/+
 islets pre-diet and after 

4 weeks HFD (mG green, mT red, blood vessels marked by dextran Texas Red in magenta, scale bars 
50 µm). 

(b) Quantification mG and mT cell cross-sectional area pre-diet and during HFD              

(n (mice) = 5, n (islets) = 25, Sidak ´s multiple comparison test, mean ± s.e.m.). 

(c) Quantification of relative compartment volume changes among intraocular mT and mG endocrine cells 

(n (mice) = 5, n (islets) = 25, Sidak´s multiple comparison test, mean ± s.e.m.). 

In summary, high-fat diet-induced metabolic stress affects the Fltp subpopulations in the islets 

of Langerhans to a different extent. Whereas Fltp lineage- cells exhibit a minor increase in their 

compartment volume and cell cross-sectional area, the Fltp lineage+ cells are prone to undergo 

hypertrophy upon high-fat diet. Together with the elevated GO-terms in metabolism in the gene 

expression analysis, the mitochondria morphology and the increased GSIS, this finding 

strengthens the conclusion that Fltp+ -cells are more metabolic active than Fltp- -cells. 

 

4.9 Characterization of the Fltp KO on -cell function and maturation 

The characterization of the two -cell subpopulations reveals that the expression of the 

Wnt/PCP effector Fltp correlates with -cell maturation, improved oxidative phosphorylation, 

enhanced insulin secretion, metabolic activity and longer cell cycle. Thus, the role of Fltp itself 

as direct player in this maturation pathway or as a marker remains unclear.  

4.9.1 Impact of Fltp KO on -cell number and function  

After birth, the Fltp expression is restricted to the endocrine cells of the islets. To investigate the 

effect of the Fltp deletion (FltpZV/ZV) after birth and in the adulthood, we analyzed the -cell 

number in the islets from FltpZV/ZV and WT (Fltp+/+) mice (Figure 4.43a). Although Fltp is 

expressed during embryogenesis at the stage of early endocrine progenitors and in the adult 

endocrine cells, the deletion of Fltp did not affect the -cell number neither 11 days after birth 

nor during adulthood. Furthermore, the glucose tolerance, which was monitored by a GTT, was 

unaltered besides an increased basal glucose level in the FltpZV/ZV mice (Figure 4.43b). 

Moreover, the total pancreatic insulin content reveals a small and non-significant decrease in 

the FltpZV/ZV mice (Figure 4.43c). To decrease systemic effects we employed a glucose 
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stimulated insulin secretion test of isolated islets. By sequential measurement of the insulin 

secretion upon a glucose concentration ramp we detected a decreased insulin secretion in 

FltpZV/ZV compared to Fltp+/+ islets (Figure 4.43d). This defect reveals on one hand that Fltp has 

an effect on insulin secretion and on the other hand that its absence does not severely impair 

the insulin secretion of the -cells. 

 

Figure 4.43: The Fltp knock has a minor impact on insulin secretion and on basal insulin levels 

(reprint with permission [Nature] Bader et al. 2016).  

(a) Quantification of -cell number in islets from Fltp
+/+

 (WT) and Fltp
ZV/ZV

 (KO) mice at P11 and adult       

(n (mice per group) = 3-6, mean ± s.e.m.). 

(b) ipGTT of Fltp
+/+

 (WT) and Fltp
ZV/ZV

 (KO) mice (n (mice per group) = 7, unpaired t-test, mean ± s.e.m.). 

(c) Total pancreatic insulin content of Fltp
+/+

 (WT) and Fltp
ZV/ZV

 (KO) mice                

(n (mice per group) = 5, mean ± s.e.m.). 

(d) GSIS of isolated islets from Fltp
+/+

 and Fltp
ZV/ZV

 mice; (n (mice per group) = 5, one way ANOVA, 

Bonferroni´s multiple comparison test, mean ± s.e.m.). 

In summary, the global deletion of Fltp has no effect on the -cell number in islets, the glucose 

clearance or the insulin content in the pancreas. However, the Fltp knock-out exhibit increased 

basal glucose levels and minor insulin secretion defects in vitro. This suggests that the absence 

of Fltp does neither impair the glucose sensing nor the core insulin secretion machinery. Taken 

into account that the described function of Fltp is the anchoring the basal body to the actin and 

microtubule network (Gegg et al., 2014) the decreased insulin secretion of isolated islets is likely 

caused by altered cytoskeletal rearrangement dynamics and not by affected core secretion 

mechanisms. 
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4.9.2 The effect of Fltp KO on the -cell subpopulations 

To further investigate the role of Fltp in -cells, the gene expression of FVR+ and FVR- 

endocrine subpopulations of FltpZV/ZV islets was examined. Therefore, the FVR subpopulations 

were purified using the FACS-sorting scheme of the FltpZV/+ mice and the gene profiles were 

generated in collaboration with Dr. Martin Irmler (IEG, Helmholtz Zentrum München). Examining 

the significantly enriched GO-terms of the FVR+ and FVR- subpopulations we identified an 

obvious similarity to the endocrine subpopulations from the Fltp heterozygous mice. The FVR+ 

endocrine subpopulation was enriched for GO-terms related to metabolism, polarity and 

oxidative phosphorylation (Figure 4.44a,b). In contrast, the FVR- endocrine subpopulation 

exhibits GO-terms involved in cell cycle progression. 

 

Figure 4.44: Endocrine FVR subpopulations of the Fltp
ZV/ZV

 mice reveal similar differences in 

molecular signatures and affected pathways to the Fltp
ZV/+

 reporter.  

(a) Scheme of regulated genes of FVR subpopulations in the Fltp
ZV/ZV 

islets              
(n = 2, limma t-test, P value < 0.01, fold change >1.5). 

(b) Bar graph of selected, significant enriched gene ontology terms of regulated genes among FVR 
subpopulations in the Fltp

ZV/ZV 
islets. 

Analyzing the differences between the FVR subpopulations among the heterozygous and 

knock-out of Fltp, might reveal the affected pathways. The majority of the enriched GO-terms 

and ingenuity pathways in the knock-out compared to the heterozygous FVR+ and also FVR- 

endocrine subpopulation were related to stress responses (Figure 4.45a,b). This data assumes 

that the differences between the FVR subpopulations from homozygous and those from 

heterozygous mice are rather caused by differences in the isolation procedure itself than by the 

lack of Fltp. Furthermore, the clustal dendrogram, which illustrates the difference between the 

investigated samples, confirms the close relationship of FVR+ or FVR- samples independent of 

their genotype (Figure 4.45c). Interestingly, also the Wnt/PCP pathway was not miss-regulated 

in the Fltp KO confirming Fltp as a Wnt/PCP effector rather than core protein. 
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Figure 4.45: FVR endocrine subpopulations exhibit minor differences between islets from Fltp
ZV/ZV

 

and the Fltp
ZV/+ 

mice.  

(a) Differences in GO-terms and ingenuity pathways of FVR
-
 subpopulations of Fltp

ZV/ZV
 and Fltp

ZV/+
 mice 

(n = 2, limma t-test, P value < 0.05, fold change >1.5). 

(b) Differences in GO-terms and ingenuity pathways of FVR
+
 subpopulations of Fltp

ZV/ZV
 and Fltp

ZV/+
 mice 

(n = 2, limma t-test, P value < 0.05, fold change >1.5).  

(c) Cluster dendrogram of different FVR subpopulations of Fltp
ZV/ZV

 and Fltp
ZV/+

mice. 

Taken together, the deletion of Fltp does not affect the establishment and signature of both -

cell subpopulations. Furthermore, the GO-term analysis of the Fltp knock-out confirms the 

properties of the mature and metabolic active FVR+ and the proliferative FVR- endocrine 

subpopulations on the transcriptional level. Together with the minor functional differences we 

suggest that Fltp is a marker, which discriminates mature and metabolic active -cells with 

improved GSIS from -cells exhibiting a higher proliferative capacity without functionally 

affecting the maturation and-cell core functions. 

 

4.10 Translation of WNT/PCP induced -cell maturation and FLTP expression to human 

Although the incidents of Type 2 diabetes increase all over the word, the current diabetes 

therapies still achieve glucose control by improving endogenous insulin secretion or by 

exogenous insulin administration. The identification of a marker which discriminates proliferative 

from mature -cells might open a new prospective to develop novel therapy aiming to restore 

the endogenous -cell mass. Therefore, the translation of the identified pathway of -cell 

maturation and Wnt/PCP to humans might be a next important step towards regeneration of 

dysfunctional human -cells. 
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4.10.1 Non-canonical WNT ligands trigger PDX1 synthesis and improve GSIS 

The identification of -cell maturation factors is of great interest in -cell replacement 

regeneration research. To investigate the effect of WNT/PCP on human islets, we cultured 

human islets in the presence of the non-canonical WNT ligand WNT4, which we found highly 

expressed in the murine FVR+ -cells. Thereby, we observed elevated PDX1 protein levels in 

human islets treated with WNT4 (Figure 4.46a,b). In addition, the GSIS in human micro islets 

(Insphero™) was improved upon treatment with the WNT/PCP ligands WNT4 and WNT5A 

(Figure 4.46c).  

 

Figure 4.46: Non-canonical WNT ligands increase PDX1 synthesis and improve GSIS in human 

islets (reprint with permission [Nature] Bader et al. 2016). 

(a) Representative Western blot of PDX1 levels of human islets treated with or without WNT4 for 4 days. 

(b) Quantification of PDX1 synthesis in human islets treated with or without WNT4 for 4 days                     
(n (human donors) = 4, n (independent experiments) = 9, paired t-test, mean ± s.e.m.). 

(c) Quantification of fold change in insulin secretion upon high (16.8 mM) and low (2.8 mM) glucose in 
human micro islets treated with or without WNT4 or WNT5a for 3 days (n (human donors) = 3, microislets: 
n (control) = 23, n (WNT4) = 25, n (WNT5A) = 26, unpaired t-test, mean ± s.e.m.). 

Collectively, these results show a positive effect of WNT/PCP ligands on -cell maturation and 

function in human islets. This suggests that non-canonical Wnt signaling induces -cell 

maturation in mice and man. 

4.10.2 FLTP expression in upon onset of Type 2 Diabetes in humans 

Type 2 diabetes is characterized by a dysfunction of -cells that evolves over years until the 

symptoms are recognized (Gordon C Weir & Bonner-Weir, 2004). Therefore, the identification of 

a marker for mature -cells helps to monitor the disease progression. Moreover, the correlation 

of FLTP expression to mature -cells in humans would further confirm the function of FLTP as 

maturation marker. 

To investigate the FLTP expression we examined, in collaboration with Dr. Nikolay Oskolkov, 

the gene expression of mRNA sequencing data from isolated islets of healthy (normal glucose 

tolerant), pre-diabetic (impaired glucose tolerant) and Type 2 Diabetic patients. Interestingly, the 

FLTP, PDX1 and SLC2A2 expressions are significantly reduced at the onset of Type 2 Diabetes 

(Figure 4.47a-c). Furthermore, the high levels of FLTP expression in healthy individuals 

compared to its expression upon Type 2 Diabetes, which is characterized by -cell dysfunction, 

might suggest FLTP as a marker for functional and mature islets. 
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Figure 4.47: Human FLTP decreases similar to PDX1 and SLC2A2 upon onset of Type 2 Diabetes 

in islets (reprint with permission [Nature] Bader et al. 2016).  

(a-c) RNA sequencing expression data of FLTP (a), PDX1 (b) and SLC2A2 (c) of human pancreatic islets 
from healthy (normal glucose tolerance, NGT), pre-diabetic (impaired glucose tolerance, IGT) and Type 2 
Diabetic donors (T2D) (n (NGT) = 66, n (IGT) = 21, n (T2D) = 19, one way ANOVA, median ± c.i.). 

Collectively, the FLTP expression analysis in human islets revealed firstly that FLTP is 

expressed in human islets and secondly that its expression decreases together with other 

important -cell genes, such as PDX1 and SLC2A2, upon onset of type 2 diabetes. The high 

expression of FLTP in healthy compared to Type 2 diabetic individuals further establishes 

parallels to its ability as a marker for mature and functional -cells in the adult mouse. 
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5 Discussion 

The global incidents of patients suffering of Diabetes are constantly rising, reaching an 

estimated number of 422 million cases worldwide in 2014 (WHO, 2016). The main driver of 

hyperglycemia in the most common Diabetes subtype, Type 2 Diabetes, is the loss of functional 

-cell mass upon peripheral insulin resistance of the skeleton muscle. The current treatments to 

relieve the symptoms can be classified in different categories (Tahrani, Barnett, & Bailey, 2016): 

(I) Secretagogues (e.g. Sulfonylurea) and Peptide analogs (GLP1 agonists, DPP4 inhibitors) 

increase the GSIS of the remaining functional -cells, (II) -glucosidase inhibitors and 

Glycosurics (SGLT2 inhibitors) modulate glucose uptake and excretion, (III) Insulin sensitizers 

(e.g. Biguanides, Thiazolidinediones) addressing insulin resistance and (IV) administration of 

modified Insulin replace the lack of insulin in the body. However, all these treatments, especially 

the insulin administration, restrict the patient’s lifestyle, request a lifelong administration and are 

not curative. Moreover, besides the subgroups of Insulin sensitizers and insulin treatment, the 

drugs do not relieve the -cells from the elevated insulin secretion that might cause -cell 

dysfunction (Efanova et al., 1998; Maedler et al., 2005). Therefore, novel therapeutic 

approaches to replenish the functional -cell mass and thereby overcome the insufficient blood 

insulin levels are of main interest. The functional -cell mass can be replaced by the 

transplantation of islets from cadaveric donors or differentiated -cells from embryonic stem 

cells (ESC) or induced pluripotent stem cells (iPSC) (Staels et al., 2016). Alternatively, the 

regeneration of endogenous -cells is a promising concept to reestablish the functional -cell 

mass (Staels et al., 2016). Nevertheless, several challenges remain to generate mature -cells 

from stem cells (iPSC, ESC) or by -cell regeneration (Kieffer, 2016). Therefore, understanding 

the underlying principles of -cell heterogeneity and maturation might an important step to 

improve these therapeutical approaches to cure Diabetes. 

Using the Fltp Venus Reporter mouse, we were the first describing the connection of -cell 

heterogeneity to -cell function, maturation, proliferation and planar cell polarity (Figure 5.1). 

The two FVR -cell subpopulations exhibit distinct functional properties and maturity in 

physiologic and pathophysiologic conditions. Whereas FVR+ -cells are more mature, metabolic 

active and possess an increased GSIS, FVR- -cells are more proliferative upon metabolic 

demand and exhibit an improved survival ex vivo. Moreover, the FVR+ -cells received 

Wnt/PCP signaling and are highly polarized in the rosette-like structures around the blood 

vessels (Figure 5.1). Altogether, we identified using Fltp as a marker for Wnt/PCP the 

underlying pathway for -cell heterogeneity and functional maturation.  

In addition, we observed inter-islet differences in FVR expression dependent on the islet size 

and islet localization. In particular, small islets and islets from the tail region of the adult 

pancreas contain an increased percentage of FVR+ -cells. This might suggest that the origin of 

the islet affects the FVR expression in -cells and thereby the maturation and polarization 

status. In contrast to the extensive characterization of the FVR -cell subpopulations, the niche 

of the different -cells in the islet was not fully uncovered until now. Indeed, the FVR+ -cells are 
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more likely localized close to the blood vessels but the number of FVR- -cells at the vessels is 

still apparent (Figure 5.1). In the future, the niche of FVR+ and FVR- -cell subpopulations in the 

islet might be unraveled using whole mount imaging of the pancreas.  

 

Figure 5.1: Schematic model of the distinct FVR -cell function in the adult islet of Langerhans 

(Reprinted by permission from Maxmillan Publishers Ltd: [Nature Reviews Endocrinology] 

(Roscioni et al. 2016), copyright 2016) 

Although the existence of functional heterogeneous -cell subpopulations characterized by their 

maturity is well accepted in the field of -cell biology (Bengtsson, Ståhlberg, Rorsman, & 

Kubista, 2005; Benninger & Piston, 2014; Chiang & Melton, 2003; D. G. Pipeleers, 1992), the 

identification of heterogeneous Wnt/PCP activity in -cells raises interesting questions: 

 What is the role of the functional mature FVR+ -cells in the pancreas? 

 Are FVR- -cells more plastic and how are they contributing to the -cell mass? 

 Which role plays polarity, especially PCP, in -cell maturation and function? 

 What are putative applications for Fltp and Wnt/PCP in -cell replacement and 

regeneration? 
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5.1 The adult pancreas contains a functional and mature -cell subpopulation  

Pancreatic -cells are a heterogeneous population in mice and humans (Szabat et al., 2009). 

During the last 50 years several distinct marker were reported which classify different 

subpopulations in the -cell pool (2.3.4). Although the marker for the -cell subpopulations 

ranging from transcription factors, transporter, hormones, cell surface to adaptor molecules, the 

characteristics of the identified -cell subpopulations are comparable (Table 2.2).  

Here, we revealed similar to Pipeleers and Szabat a -cell subpopulation, that exhibit an 

increased expression of key -cell genes involved in maturation and function compared to the 

smaller less mature -cell subpopulation. Beyond the literature (Dorrell et al., 2016; Smukler et 

al., 2011; Szabat et al., 2011, 2009), we identified a heterogeneous pattern of Wnt/PCP activity 

in the islets of Langerhans using the FVR mouse model. Remarkably, in homeostasis 80% of 

the -cells have received or are receiving a planar cell polarity signal, whereas this signal was 

absent in 20% of the -cells. Additionally, the Fltp lineage reporter reveals that these 20% of all 

-cells never possessed active PCP. Altogether, this shows that the vast majority of -cells 

exhibit PCP while a subset of -cells never exhibits PCP. Interestingly, the FVR+ -cells were 

enriched in proximity to the dense vasculature in the islet core. Since the -cells surrounding the 

endothelial cells are polarized in rosette-like structures (S Bonner-Weir, 1988; Granot et al., 

2009), the increased ratio of FVR+ -cells suggests that PCP is required for -cell and 

endothelial cell interaction (Skoglund & Keller, 2010; Williams, Mundell, Dunlap, & Jessen, 

2012). Thus, not all -cells are connected to the vasculature or are neighboring several blood 

vessels (El-Gohary et al., 2012; Gan et al., 2016). Subsequently, this might influence the 

heterogeneous -cell polarity.  

In addition to the Wnt/PCP activity in FVR+ -cells, we observed a 2-3 fold improved GSIS in re-

aggregated FVR+ compared to FVR- -cells. In particular, the re-aggregated FVR+ -cells exhibit 

an improved insulin secretion upon high glucose as well as in the presence of arginine 

compared to FVR- -cells. This might be caused via different pathways. First of all, FVR+ -cells 

possess an elevated expression of genes involved in-cell identity and maturation (such as 

Glut2 and MafA). Secondly, we reported that FVR+ -cells contain less immature insulin 

granules than FVR- -cells. This might be based on the increased expression of the important 

insulin processing enzyme pro-protein convertase 1 (Psck1) and the Zink transporter (Slc30a8). 

Although the insulin processing and secretion were altered, we observed no difference in Ins1/2 

gene expression in contrast to the literature (de Vargas, Sobolewski, Siegel, & Moss, 1997; 

Jörns et al., 1999; Hitoshi Katsuta et al., 2012; Szabat et al., 2009). Yet, a fluorescent reporter 

for Insulin expression (Hitoshi Katsuta et al., 2012; Szabat et al., 2009) might be more sensitive 

to monitor these differences. In contrast to the decreased levels of genes involved in -cell 

maturation in the FVR- -cells, the basal insulin secretion was unchanged when compared to 

FVR+ -cells. This suggests that both FVR -cell subpopulations possess a tightly controlled 

GSIS. Collectively, these results show that FVR+ -cells are capable of higher metabolic 

responsiveness and insulin secretion. In contrast, the FVR- -cells exhibit a reduced insulin 

secretion upon high glucose and arginine mediated depolarization suggesting a less efficient 

glucose sensing and insulin secretion machinery. Although, the similar insulin secretion at basal 
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glucose levels characterizes both FVR -cell subpopulations as functionally mature, the FVR- -

cells exhibit a less mature phenotype due to the decreased GSIS and expression of key -cell 

genes (Figure 5.2). 

In addition to their mature phenotype based on -cell gene expression and improved GSIS, 

FVR+ -cells showed an increased expression of genes and proteins involved in metabolism 

especially in oxidative phosphorylation. Although changes in -cell metabolism were 

investigated during -cell maturation (Jermendy et al., 2011; Stolovich-Rain et al., 2015), less is 

known about the heterogeneity in metabolic activity in -cells. Solely, the NADPH levels were 

used as readout to distinguish two -cell subpopulations which exhibit differences in GSIS 

(Heimberg et al., 1993). Using the Flattop reporter, we are now able to characterize the 

metabolic differences between the -cell subpopulations. Moreover, we can also investigate the 

effect of Wnt/PCP on metabolism. Since Wnt/PCP signaling affects the cytoskeleton (Chien, 

Conrad, & Moon, 2009), PCP might increase the glucose metabolism via the allocation of 

mitochondria, receptors and transporters in the -cells. A detailed understanding of the 

metabolic differences will shed further light on the function and the meaning of the 

subpopulations and PCP in the islets of Langerhans. 

 

 

Figure 5.2: Schematic illustration of the FVR -cell subpopulations and their difference in 

maturation status 

Altogether we identified in accordance to the literature, that the -cell pool contains functionally 

different -cells. By using our novel marker Fltp we were able to divide the -cell pool in a higher 

abundant, functional and mature FVR+ and a less abundant, less mature FVR- -cell 

subpopulation. Moreover, the result that -cells which received Wnt/PCP signaling (FVR+ -

cells) are more mature and functional than the FVR- -cells further implicates that PCP has an 

effect on the maturation and function of -cells in the adult mouse. Based on that, Fltp offers as 

a novel marker for the mature -cells a tool to further characterize the -cell subpopulations and 

the connection of maturity, polarity and metabolism. Thereby, novel insights in origin and 

meaning of the two functional different FVR -cell subpopulations might be achieved. 
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5.2 -cell replication and the contribution of PMPs 

The existence of a minor -cell subpopulation that is characterized by reduced insulin secretion 

was already reported long ago (Salomon & Meda, 1986; Schuit et al., 1988; Van De Winkel & 

Pipeleers, 1983). Although its role as a “reserve” subpopulation in the adult islet was suggested 

(D. G. Pipeleers, 1992), its function was not deeply characterized until date. As discussed 

above (5.1), we identified a minor -cell subpopulation characterized by a decreased GSIS and 

a less mature phenotype. By further characterizing this subpopulation we revealed that the Fltp 

lineage- endocrine cell subpopulation exhibits an improved survival in ex vivo culture and upon 

islet transplantation. Indeed, we observed in both systems a decrease in mature Fltp lineage+ -

cells whereas the numbers of Fltp ineage- -cells remains stable. Similar to that, Lorenzo et al. 

recently identified, using a transgenic mouse line, a minor Pax4+ -cell subpopulation in the 

adult islet which is more resistant to apoptosis upon stress conditions than the major Pax4- -

cells (Lorenzo et al., 2015). In accordance to them, we also identified a minor -cell 

subpopulation (FVR- -cells) that exhibit a 2-4 fold higher proliferative capacity upon demand 

(such as postnatal growth and pregnancy) than the majority of -cells (FVR+ -cells) (Lorenzo et 

al., 2015). However, the expression of Pax4 was not altered between the FVR endocrine 

subpopulations and very low abundant suggesting the requirement of more sensitive approach 

to measure low amounts of Pax4. 

Interestingly, when we cultured dispersed islet cells isolated from five days old mice and 

cultured these cells in an extra cellular matrix we observed sphere-like structures, which grew 

over time suggesting a robust self-renewal and proliferative activity. Similar to that, the Van der 

Koy group identified Pancreatic Multipotent Precursors (PMPs) which display a robust self-

renewal a multi-lineage potential (Beamish et al., 2016; Seaberg et al., 2004; Smukler et al., 

2011). Although we did not investigate the multi-lineage potential, the PMPs and the FVR- -

cells of P5 mice share several characteristics, such as sphere-forming activity and a decreased 

expression of Slc2a2 in the adult mouse. Based on these findings, we assume that the FVR- -

cell subpopulation could contain the controversial PMPs, if they at all exist. In any case, the 

FVR- -cells seem to be the main source of replicating -cells in the adult pancreas upon 

metabolic demand. Although the -cells are replicated equally by existing -cells in the adult, 

healthy mouse (Brennand et al., 2007; Dor et al., 2004; Teta et al., 2007), individual insulin 

producing cells are prone to contribute to the -cell mass to a higher extent in stages of 

increased -cell replication (Teta et al., 2007). In line, FVR- -cells exhibit a similar rate of 

replication compared to the FVR+ -cells in homeostasis. Yet, upon demand the FVR- -cells 

contribute to a larger extent to the -cell proliferation. 

The differences in proliferation of the FVR -cell subpopulations might have different reasons. 

Based on the mature character of FVR+ -cells, these cells can be defined as terminally 

differentiated -cells. Unlike the terminal differentiated cell types like neurons that withdrawal 

from the cell cycle (Masland, 2004), -cells keep the capacity to proliferate (Z. Gu et al., 2012). 

However, the terminal differentiation in -cells might be related to an increased quiescence 

status and cell cycle length, which might explain differences in replication that were observed 

between the FVR -cell subpopulations. Alternatively, reduced ER stress and insulin gene 
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expression has been reported to induce -cell replication (Szabat et al., 2016). Although we 

couldn’t reveal any difference in insulin gene expression, the elevated GSIS suggests a higher 

insulin turnover in FVR+ -cells. Together with the decreased cell death upon transplantation, 

the FVR- -cells might be less exposed to cellular stress responses and thereby more prone to 

proliferate upon demand. Additionally, the localization and the neighboring environment might 

also affect the -cell function. On the one hand, the proximity to the vasculature improves the 

oxygenation and nutrient supply, but on the other hand the increased polarization in the rosette-

like structures might suppress the proliferative capacity of the -cells. 

Altogether, the characterization of the -cell replication among the FVR -cell subpopulations 

offers new insights into the obscure existence and role of insulin+, specialized -cell “precursor” 

cells in the adult islet. Although the characteristics of the FVR -cell subpopulations were 

detailed described, their potential role in disease or injury models needs further investigation.  

 

5.3 Implications of Fltp in -cell maturation 

The interest in understanding -cell maturation has grown after the identification of T2D 

mediated -cell de-differentiation. Moreover, the recent approach to differentiate ESCs or iPSCs 

to functional and mature -cells further increases the effort to understand -cell maturation. The 

importance of active PCP during pancreas development for generating an appropriate -cell 

number was reported by Cortijo et al. (Cortijo et al., 2012), whereas the effect of -cell 

compaction on polarity during postnatal -cell maturation was not investigated up to now. Since 

the postnatal period hosts a tremendous areal and cellular remodeling from an immature to a 

mature -cell, the identification and understanding of basic principles of postnatal -cell 

maturation and establishment of planar cell polarization might be important to generate 

functional mature -(like)-cells.  

The first stage of postnatal -cell maturation is characterized by an increase in the expression of 

key -cell genes (especially of TFs important for -cell maturity) and Ucn3 (Barak Blum et al., 

2012). In contrast, the second stage of functional -cell maturation is dominated by a fuel switch 

to glucose metabolism in the -cells after weaning (Stolovich-Rain et al., 2015). After this two 

rapid maturation periods, the -cells slightly but constantly increase their maturation status 

characterized by an improved GSIS and an increased expression of -cell maturation genes 

(Avrahami et al., 2015). Using our novel FVR mice, we observed that the ratio of FVR+ -cells 

increases from 45% to 70% of all -cells in the first maturation period. Although the percentage 

of FVR+ -cells didn’t significantly increase during the second maturation period, it increases 

from 70% to 80% in the adult mouse. During the first four weeks of life, the newly formed islets 

have to undergo drastic changes such as compaction and vascularization (Jo et al., 2011). 

Taking into account that islet vascularization and functional maturation are established almost in 

parallel, our identified increase in FVR+ -cells and thereby in PCP during this time adds an 

important piece to understand the -cell maturation. A model system for -cell polarization and 

aggregation is the formation of “pseudoislets” from primary cells (Hopcroft, Mason, & Scott, 

1985) and Min6 (Chowdhury et al., 2013; Hauge-Evans et al., 2002, 1999). The aggregation of 
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these cells increases the insulin secretion and improves the expression of functional -cell 

genes. However, the effect of “pseudo islet” formation on polarity was not analyzed until date. 

As expected, we revealed with the generation of these “pseudo islets” by re-aggregating Min6 

an increase in Fltp synthesis suggesting an elevated planar cell polarization upon physical 

changes during the cluster formation. Based on this relative FVR+ -cell increase during the 

postnatal period, we conclude that the FVR could be used to monitor -cell maturation and that 

Wnt/PCP plays an important role in this process. Altogether, we identified Fltp and its reporter 

as a novel marker for mature -cells, which can be used to further study the -cell maturation 

process. 

The concept of mutual regulation between proliferation and differentiation is an ubiquitous 

mechanism in cell biology (Xia et al., 2006). In particular, the -cells are a prime example for 

this concept. During embryogenesis and shortly after birth the -cells, or their precursors, are 

characterized by a relatively high replication but low maturation and function (Hellerström & 

Swenne, 1991). By contrast, the -cells in the adult mice are dominated by a very low 

replication, long replication refractory periods but high functionality and maturity (Ackermann & 

Gannon, 2007; Jermendy et al., 2011; Rankin & Kushner, 2009; Tyrberg, Eizirik, Hellerström, 

Pipeleers, & Andersson, 1996). This reciprocal regulation of proliferation and maturation is 

caused by differential promoter methylation resulting in a decreased expression of p16Ink4a, 

Foxa2 and Gck in the -cells of young mice (Avrahami et al., 2015). In contrast, the epigenetic 

inhibition of Ccnd1 expression possibly results in the lower responsiveness to mitotic stimuli of 

-cells of aged mice (Avrahami et al., 2015). In detail, the very rarely proliferating -cells of aged 

mice exhibit an improved GSIS and higher expression of -cell genes, such as MafA. This 

concept of maturation vs. replication can be easily translated to the identified FVR -cell 

subpopulations. Whereas the FVR- -cells are prone to proliferate upon demand, the FVR+ -

cell are characterized by increased maturation and function.  

Interestingly, we detected the existence of conversions of Fltp- to Fltp+
-cells in vivo and in 

vitro. Thereby, we proved the existing concept of a limited dynamic exchange between the -cell 

subpopulations (Giordano et al., 1991; D. G. Pipeleers, 1992; Szabat et al., 2009). Furthermore, 

we were the first following these conversions using an Fltp lineage tracing system. Thereby we 

observed that these conversions seem to be increased in stress situations like ex vivo and 

during pregnancy. However, the stable percentage of 20% of Fltp-lineage- -cells among all -

cells suggests a very low ratio of converting cells in homeostasis. Furthermore, we observed no 

direct correlation between replication and maturation in accordance with the literature 

suggesting an uncoupled proliferation and maturation process (Szabat et al., 2011). However, a 

detailed investigation of converting -cells is necessary to unravel the basis and triggers for the 

functional maturation of -cells.  
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5.4 Unravel the role of Wnt/PCP in -cell maturation and function 

Although the islet of Langerhans is a spherical structure, an intrinsic cell polarity of the -cells 

was reported (S Bonner-Weir, 1988; Gan et al., 2016; Geron et al., 2015; Granot et al., 2009). 

Recently, the special formation of -cells around blood vessels (rosette-like structures) were 

identified as centers of apical-basal (AB) polarization (Gan et al., 2016; Granot et al., 2009). 

Based on the basal cell domain facing the vasculature, the cell specifies basal, lateral and 

apical membrane parts. These parts are hosting different proteins and thereby exhibit a 

specialized function. The importance of polarity on -cell morphology was investigated by 

Granot et al. who examined the absence of the key polarity modulator Lkb1 in -cells (Granot et 

al., 2009). The specific deletion of Lkb1 in -cells affected the position of the primary cilium and 

the nucleus (Granot et al., 2009). However, the direct effect of Lkb1 in maintaining the -cell 

function (Kone et al., 2014) and as regulator of the energy metabolism and insulin secretion (A 

Fu et al., 2015) blur the correlation of polarity and function until date. Although the basal and 

lateral membrane domains were investigated since many years (S Bonner-Weir, 1988; Gan et 

al., 2016; Geron et al., 2015; L Orci et al., 1989), the function and effect of -cell polarity on the 

-cell function is largely unknown. Moreover, the abundance of planar cell polarized -cells in 

the adult islet was not investigated up to date.  

Planar cell polarity (PCP) is defined by the formation of a perpendicular axis to the plane and 

apical basolateral polarized epithelium (Seifert & Mlodzik, 2007). Based on this axis and the 

asymmetric localization of the PCP core components Vangl, Prickle, Frizzled, Disheveled and 

Celsr1-3, the cell defines its anterior and posterior side (Helen Strutt & Strutt, 2008). However, 

the AB polarization in-cells is not uniformly present since not all -cells are in contact with one 

blood vessel (El-Gohary et al., 2012; Gan et al., 2016). Therefore, the existence or degree of 

PCP in the adult -cells during homeostasis is still vague and not reported in the literature due 

to difficulties to define the perpendicular axis in the islet of Langerhans.  

Using the FVR mouse model, which reports cells with active Wnt/PCP signaling (Gegg et al., 

2014), we were the first reporting the activity of Wnt/PCP in adult islets. Thereby we revealed 

that the FVR+ cells which received a Wnt/PCP signaling are more mature and functional than 

the FVR- -cells. Besides -cells, also -, - and PP-cells contain the two FVR subpopulations. 

However, the ratio of FVR+ to FVR- cells is equal (1:1). The underlying principle for the 

difference between - and other endocrine cell types is possibly based on the differences in 

their position in the rodent islet.  

The common gene variation of T-Cell specific transcription Factor 7 Like 2 (TCF7L2) which has 

been associated to a higher risk of Type 2 Diabetes in humans (Florez et al., 2006; Grant et al., 

2006) brought the Wnt signaling back to the focus. Moreover, canonical Wnt signaling was 

reported to activate -cell proliferation (Zhengyu Liu & Habener, 2008; Rulifson et al., 2007), 

though it is not important for -cell function (Papadopoulou & Edlund, 2005). Although non-

canonical Wnt ligands are increasing the PCP (Gon, Fumoto, Ku, Matsumoto, & Kikuchi, 2013), 

its effect in -cells was not investigated so far. By administration of the non-canonical Wnt 

ligands Wnt5a and Wnt4 we identified a positive effect on -cell maturation and Fltp expression 

in Min6, immature murine -cells and human islets. This supports the hypothesis that planar cell 
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polarity and non-canonical Wnt signaling directly effects -cell maturation and function, whereas 

canonical Wnt signaling mediates -cell replication (Maschio et al., 2016; Rulifson et al., 2007). 

The active Wnt/PCP signaling in FVR+ -cells might thereby fulfill a dual role: (I) locking the -

cells in a functional mature and metabolic active state and (II) decreasing their sensitivity to pro-

proliferative canonical Wnt signaling. Thereby, the canonical Wnt signaling might activate more 

efficiently the proliferation program in the less polarized FVR- -cells. This further suggests that 

non-canonical and canonical Wnt signaling might influence the reciprocal regulation of -cell 

proliferation and maturation. 

Altogether, we showed a correlation of -cell maturation and PCP in the murine and human 

pancreatic islets. Based on these findings it would be important to further investigate the 

potential connection between polarity and diseases such as Type 2 Diabetes. Possibly re-

establishing polarity might restore the insulin secretion in dysfunctional -cells. In contrast, the 

abundance of polarized -cells in humans might be different compared to mice due to the less 

dense vasculature in human islet (Marcela Brissova et al., 2015) that is important to define AB 

polarity. Nevertheless, the induction of non-canonical Wnt signaling using Wnt5a and Wnt4 

ligands increase the -cell function and maturation phenotype in human islets and “pseudo 

islets”. Moreover, the expression of FLTP in the human and the decrease upon onset of T2D 

provides the first hints about PCP in the healthy and T2D human.  

 

5.5 Possible function of Fltp in the islet of Langerhans 

The Fltp/FVR expression is highly correlated with polarity, maturation, function and proliferation 

in -cells. Nevertheless, the deletion of Fltp has no effect on -cell number, glucose tolerance or 

on the functional differences between the FVR -cell subpopulations. This classifies Fltp/FVR as 

a simple marker for the mature -cells without affecting their function. Interestingly, the onset of 

the Fltp lineage- in lineage+ cell conversion is accompanied by a transient peak of Fltp 

expression. In the Fltp lineage+ cells Fltp is decreased and reaches a plateau phase 

characterized by ~4x higher expression compared to Fltp lineage- cells. This suggests that Fltp 

fulfils a function during the onset of PCP but also reports later the polarization. Gegg et al. 

reported the function of the planar cell polarity effector molecule Fltp in the inner ear and in the 

lung connecting the basal body to the actin filaments (Gegg et al., 2014). Based on their 

findings, the decreased GSIS in the Fltp knock-out islets might be explained by a difference in 

the F-actin modulation which affects GSIS (Kalwat & Thurmond, 2013). Although no obvious 

effect on cilia positioning and abundance was identified, the function of Fltp on cilia function in 

-cells needs to be evaluated in the future.  
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5.6 Implications for -cell replacement  

Diabetes is characterized by the loss of functional -cell mass. To overcome this, pancreatic 

islets from cadaveric donors can be transplanted to restore a certain functional -cell mass 

(Figure 5.3). However, the bottle neck is the limitation of human donors and the inefficient 

revascularization resulting in reduced -cell function (M. Brissova, 2005; Nyqvist, Köhler, 

Wahlstedt, & Berggren, 2005). Recently, the differentiation of ESCs or iPSCs into functional -

cells has been highlighted as promising and alternative source to overcome the increased 

needs of -cells for transplantation (Figure 5.3). Thereby, the generation of transplantable and 

highly functional -cells is the main goal of the stem cell therapy for diabetic patients. Indeed, 

the differentiation protocols rapidly improved over the last years resulting in the generation of 

more responsive and more pure -like cells (Pagliuca et al., 2014; Rezania et al., 2014). 

However, several hurdles are still to be taken to reach this therapeutic promise. For instance, 

the current differentiation protocols have to be refined to exclusively generate pure and mature 

-like cells for transplantation. Since these cells are differentiated from highly proliferative 

precursor cells, cell contaminations might cause off-target effects like teratoma formation 

(Schulz et al., 2012).  

 

Figure 5.3: Overview of different approaches to restore functional -cell mass in the pancreas. 

The differentiation of ESCs or iPSCs to -like cells is achieved by mimicking the steps of the 

pancreas development. Although several groups claim to produce mature and glucose 

responsive -cells in culture, the evidents for the mature phenotype are not entirely persuasive 

(Kieffer, 2016). Especially, the functional maturation of -cells is not well understood (Kieffer, 

2016). The highest maturation efficiency is still achieved by the transplantation of these -like 

cells into the kidney capsule. However, Yoshihara et al. reveals a possible regulator of -cell 

maturation, ERR, which improves the glucose responsiveness. To improve maturation step in 

the differentiation protocols, Fltp might be a promising marker to spot functional -like cells. In 

particular, our data clearly show that the treatment with non-canonical Wnt ligands increases 

Ucn3 and Fltp expression and synthesis in immature, murine -cells. This suggests that non-

canonical Wnt signaling might represent a novel unexplored pathway modulating functional -

cell maturation. Since the identified -cell maturation marker such as Ucn3, ERR, MafA and 

Fltp are all downstream of different pathways, the combination of all might be the key to 

generate functional, glucose responsive -like cells in vitro. Another important fundamental of 

transplanted -like cells is the maintenance of the -cell maturity. Especially, the health status 

such as hypothyroidism and medications are possibly affecting the maturity of -cells resulting 
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in disruption of GSIS and the risk of hypoglycemic episodes (Bruin et al., 2016). To monitor the 

health of the -like cells, a combination of markers including Fltp might be expedient. 

Altogether, we provide with Fltp a novel marker for functional and mature -cells. This marker 

can be used as a screening tool to generate a highly functional and mature -cell in vitro. 

Furthermore, the identified correlation between non-canonical Wnt signaling and -cell 

maturation represents a novel interesting pathway to trigger -cell maturation in vitro. Moreover, 

the mature FVR+ -cell subpopulations cells might be a promising source to monitor -cell 

dysfunction upon Diabetes and the effect of transplantation or medications. 

5.7 Implications for -cell regeneration 

The classical view of -cell regeneration consists of three distinct mechanisms: (I) replication, 

(II) transdifferentiation and (III) neogenesis (Figure 5.3) (Valdez, Teo, & Kulkarni, 2015). 

However, since the T2D mediated -cell de-differentiation was reported (C Talchai, Lin, 

Kitamura, & Accili, 2009; Chutima Talchai et al., 2012; G C Weir, Laybutt, Kaneto, Bonner-Weir, 

& Sharma, 2001; Gordon C Weir & Bonner-Weir, 2004), the re-differentiation of de-differentiated 

-cell subpopulations cells became an important topic. Moreover, -cell replication induced de-

differentiation and trans-differentiation might benefit from discoveries in -cell re-differentiation. 

A novel promising path to restore the functional -cell mass might be based on the -cell 

heterogeneity (Roscioni et al., 2016). Indeed, the differential expression of receptors between 

the FVR -cell subpopulations (that possess distinct proliferative and functional properties) 

might be the key to regenerate the functional -cell mass. 

5.7.1 Proliferation and Maturation 

The bottle neck of islet transplantation is the lack of cadaveric human donors (Ouziel-Yahalom 

et al., 2006). An appealing option to overcome that is, besides cell replacement by stem cell 

differentiation, the replication of the -cells in vivo or prior to the transplantation (Ouziel-

Yahalom et al., 2006). Unlikely, the human -cells are poorly responsive to proliferative triggers 

discovered in mice and exhibit furthermore a very slow cell cycle (Butler, Meier, Butler, & 

Bhushan, 2007; Kulkarni et al., 2012). Interestingly, residual insulin positive -cells in the 

pancreas of patients with longstanding Type I Diabetes were observed (Keenan et al., 2010; 

Meier, Bhushan, Butler, Rizza, & Butler, 2005). Similar to that, cellular differences in the 

susceptibility of T1D mediates cell death (Osterbye et al., 2010) and stress of misfolded proteins 

(Hodish et al., 2011) were reported. This highlights the heterogeneity of the -cell pool in 

disease and reawakes the possibility to restore the -cell mass by replication. Since the FVR- -

cells are more robust upon stress, these cells might be the source of the remaining cells. 

Moreover, by severely shortening the replication refractory period during pregnancy and the 

robust self-renewal in culture the FVR- -cells fulfill the key characteristics to restore the -cell 

mass in T1D or T2D mediated functional -cell loss after suppressing the immune-mediated -

cell destruction. On this basis the identification of a novel and tailored approach to replicate the 

FVR- -cells might restore the functional -cell mass. Thereby, the specific investigation of FVR- 
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-cells might unravel novel pathways to replicate -cells that are normally superimposed by the 

major pool of proliferation refractory FVR+ -cells.  

Although the replication of existing -cells to restore the functional -cell mass is tempting, this 

non physiological step is affecting -cell maturity. For instance, the in vitro expansion of human 

-cells is coupled with a rapid loss of the -cell phenotype and function (Lechner, Nolan, 

Blacken, & Habener, 2005; Ouziel-Yahalom et al., 2006; Russ et al., 2008). Similarly, the 

pancreatic progenitors in the adult pancreas, which exhibit a robust self-renewal, are 

characterized by a reduced -cell gene expression (Smukler et al., 2011). Even though the 

majority of the FVR- -cells are possibly more mature than the adult “stem” cells, the 

proliferative cells have to undergo a -cell maturation step. Since we identified an increase in -

cell function of FVR+ compared to FVR- -cells, the functional maturation of the majority of the -

cells is crucial for a proper blood glucose control. Along these lines, the re-differentiation of de-

differentiated -cells upon T2D might be a promising way to reestablish the functional -cell 

number. While the number of remaining -cells is not severely reduced in T2D patients, the -

cells are partially de-differentiated (S. Guo et al., 2013; Chutima Talchai et al., 2012; Z. Wang, 

York, Nichols, & Remedi, 2014; G C Weir et al., 2001). Since the de-differentiated or highly 

proliferative insulin producing cells are dominated by a decreased function and -cell gene 

expression (Friedman-Mazursky, Elkon, & Efrat, 2016; Smukler et al., 2011; Szabat et al., 2016; 

Chutima Talchai et al., 2012; G C Weir et al., 2001), the FVR subpopulations can be used to 

model the -cell maturation. Thereby, pathways to maturate the less mature FVR- -cells to 

mature FVR+ -cells might shed light on the re-differentiation of proliferative or de-differentiated 

-cells. Moreover, Fltp can be used to screen for conditions that (re-)induces -cell maturation in 

vitro. Additionally, Fltp might be used to monitor the onset of T2D mediated -cell de-

differentiation. Indeed, we identified a decrease in FLTP expression in islets during T2D 

progression. 

Altogether, the characterized -cell subpopulations might shed light on novel and promising way 

to induce -cell regeneration and replication. Thereby, they might be useful to selectively screen 

for novel treatments aiming towards the re-differentiation of a de-differentiated -cell. Luckily, 

the -cell pool still contains also a substantial amount of FVR- cells upon aging. Although the 

global -cell replication severely decreases upon aging in -cells (Ackermann & Gannon, 2007; 

Rankin & Kushner, 2009; Stolovich-Rain et al., 2015), the potency of FVR- -cells in the aged 

mouse has to be investigated. 

5.7.2 Trans-differentiation 

Another way to restore the functional -cell mass is transdifferentiation of endocrine or exocrine 

cells towards -cells. Interestingly, the endocrine cell types are closely related (glucose sensing, 

coupling of stimulus to secretion and exocytosis) and only distinguished by a few individual, 

reciprocal regulated pathways (Benner et al., 2014). Although transdifferentiation of endocrine 

cells was observed after severe loss of -cells (Thorel et al., 2010), efficient - to -cell 

conversion was also reported upon artificial expression of TFs such as Pax4, Pdx1 and Nkx6.1 

in -cells (Collombat et al., 2009; Yang, Thorel, Boyer, Herrera, & Wright, 2011; Ye et al., 2016). 
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Of note, the existence of transdifferentiation independently of artificial overexpression of -cell 

genes shows the ability of a small number of cells to undergo transdifferentiation. Along these 

lines, specialized cell types or injuries drive the interconversion of discrete endocrine cell types. 

For instance, the less mature but insulin+ PMPs can give rise to all endocrine cell types 

(Smukler et al., 2011). Since the FVR- -cells and the PMPs share some important 

characteristics, these cells might be prone to transdifferentiate. Moreover, we identified FVR- 

cells in -, - and PP-cells that exhibit a ubiquitous increase in the proliferation compared to 

FVR+ endocrine cells at P11.  

Based on the decreased -cell maturation in FVR- -cells and the higher replication upon 

demand compared to FVR+ -cells, the FVR- endocrine cells might resemble a common -cell 

progenitor. Therefore, these cells might function as the source for transdifferentiating cells in the 

injured pancreas. Furthermore, the less mature phenotype suggests a less active and thereby 

restrictive cell type specific program. This plasticity of the endocrine cell types offers hope to 

overcome the loss of functional -cell mass during Diabetes. Especially, the transdifferentiation 

of - to -cells combines the restoration of the functional -cell mass with the reduction of the 

elevated -cells upon Diabetes (Unger & Cherrington, 2012). To address this issue, a small 

molecule based screening to selectively transdifferentiate the FVR- endocrine cells might reveal 

a more gentle and tailored approach to regenerate the -cell mass.  

Although, duct and -cells share an earlier progenitor than the endocrine cells, the 

transdifferentiation of duct to -cells was reported and investigated for several decades (D. Gu 

& Sarvetnick, 1993; Inada et al., 2008; Mezza et al., 2014; R. N. Wang, Klöppel, & Bouwens, 

1995; Xu et al., 2008). Interestingly, the gut stem cell marker Lgr5 reappears in the injured 

pancreas suggesting the involvement of Wnt signaling in this process (Huch et al., 2013). This 

would mean that the activation of the embryonic program in the duct cells is mediated by 

canonical Wnt signaling. In line, we identified that the -cell maturation is mediated by non-

canonical Wnt signaling. Together with the activation of -cell replication upon canonical Wnt 

signaling (Z; Liu & Habener, 2010; Wong, Yeung, Schultz, & Brubaker, 2010), this suggests that 

canonical and non-canonical Wnt signaling might reciprocally mediate the -cell generation and 

maturation. Based on this, the modulation of switch in Wnt signaling pathways might help to 

further characterize the transdifferentiation.  

Altogether, Fltp and its reporter have a wide applications range in -cell replacement and -cell 

regeneration. Therefore, this novel biomarker might be used to solve urgent questions in the -

cell biology field, like: (I) Understanding the scope of planar cell polarization on -cells, (II) the 

reciprocal canonical and non-canonical Wnt signaling and (III) the trigger to (re-)generate fully 

mature -cells. Using Fltp as a marker for -cell heterogeneity might be the key to selectively 

investigate -cell proliferation and maturation on a more homogenous subpopulation. Thereby, 

novel pathways might be unraveled which are otherwise superimposed by the heterogeneous -

cell population. Of note, novel techniques such as single cell RNA sequencing might shed light 

on the -cell pool to further classify possible subpopulations. Furthermore, understanding the 

hierarchy and conversions of these subpopulations might be a major step to find a definitive 

cure for Diabetes. 
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6 Abstract 

Diabetes mellitus is a set of diseases characterized by a reduction of the functional -cell mass 

that results in hyperglycemia. Since the majority of -cells are only capable of limited 

regeneration the heterogeneous -cell population may contain specialized cells which possess 

an increased regenerative potential. Although functional heterogeneity in -cell morphology, 

glucose response and proliferative potential were described years ago, the underlying principles 

are poorly understood.  

Using the planar cell polarity (PCP) effector molecule Fltp (Cfap126) we identified an 

unrevealed heterogeneity in Wnt/PCP activity in the murine islet. In particular, the Fltp Venus 

reporter (FVR) expression subdivides the -cell pool in two subpopulations, which exhibit 

different molecular, functional and morphological characteristics. Whereas the FVR+ -cells 

exhibit a more mature -cell phenotype characterized by an increased -cell gene expression 

and glucose-stimulated insulin secretion, the FVR- -cells are competent for replication upon 

demand. Thereby, Fltp is the first marker that reconciles the discrimination of mature from 

proliferative -cells together with the different emphasis on PCP between -cells in vivo and in 

vitro. Furthermore, genetic-lineage tracing of the Fltp -cell subpopulations reveals a different 

response to physiological and pathological triggers. The Fltp- -cells appear to be more 

proliferative upon pregnancy and growth and robust during culturing. Hence, the Fltp lineage+ -

cells are prone to undergo hypertrophy upon metabolic stress. 

Interestingly, Fltp is not only a marker for a mature -cell subpopulation but also for -cell 

maturation. Strikingly, the expression of FVR/Fltp rises during endocrine cell aggregation, islet 

formation and postnatal -cell maturation. Furthermore, Wnt/PCP ligands are able to induce Fltp 

expression and -cell maturation in murine and human islets. Since Fltp itself is not required for 

-cell development, maturation or proliferation, it can be used as a marker for -cell maturation, 

Wnt/PCP establishment and functional -cell heterogeneity. Thereby, Fltp expression links -

cell heterogeneity to maturation and to the 3D architecture and polarization of -cells. 

Altogether, we revealed Fltp as a marker to discriminate mature from proliferative -cells and 

thereby unraveled molecular principles of islet cell heterogeneity. This might shed light on the 

selective targeting of -cell subpopulations to regenerate the functional -cell mass in patients 

suffering of Diabetes. 
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