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Abstract
Ngamjariyawat, A. 2014. The beneficial Effects of Neural Crest Stem Cells on Pancreatic    
  β–cells. Digital Comprehensive Summaries of Uppsala Dissertations from the Faculty of
Medicine 1037. 67 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-554-9056-0.

Patients with type-1 diabetes lose their β-cells after autoimmune attack. Islet transplantation is
a co-option for curing this disease, but survival of transplanted islets is poor. Thus, methods to
enhance β-cell viability and function as well as methods to expand β-cell mass are required.
The work presented in this thesis aimed to study the roles of neural crest stem cells or their
derivatives in supporting β-cell proliferation, function, and survival.

In co-culture when mouse boundary cap neural crest stem cells (bNCSCs) and pancreatic
islets were in direct contact, differentiating bNCSCs strongly induced β-cell proliferation, and
these proliferating β-cells were glucose responsive in terms of insulin secretion. Moreover, co-
culture of murine bNCSCs with β-cell lines RIN5AH and β-TC6 showed partial protection
of β-cells against cytokine-induced β-cell death. Direct contacts between bNCSCs and β-cells
increased β-cell viability, and led to cadherin and β-catenin accumulations at the bNCSC/
β-cell junctions. We proposed that cadherin junctions supported signals which promoted β-
cell survival. We further revealed that murine neural crest stem cells harvested from hair
follicles were unable to induce β-cell proliferation, and did not form cadherin junctions when
cultured with pancreatic islets. Finally, we discovered that the presence of bNCSCs in co-culture
counteracted cytokine-mediated insulin-producing human EndoC-βH1 cell death. Furthermore,
these two cell types formed N-cadherin, but not E-cadherin, junctions when they were in direct
contact. In conclusion, the results of these studies illustrate how neural crest stem cells influence
β-cell proliferation, function, and survival which may improve islet transplantation outcome.
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Introduction 

Type-1 diabetes (T1D) is an autoimmune disease resulting from destruction 
of the pancreatic β-cells (1). Pro-inflammatory cytokines such as interleukin-
1β (IL-1β), tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ), cause 
dysfunction of β-cells and induce β-cell death (2) by increasing nitric      
oxide (NO) production (3, 4). To sustain insulin secretion in T1D patient,        
pancreatic islet transplantation is one of an alternative treatment (5).      
However, the survival of transplanted islets is poor and after five years less 
than 10% of treated patients have functioning β-cells (6). To improve an 
outcome of islet grafts after transplantation, methods for increasing β-cell 
mass and β-cell survival are necessary.  

Recent studies have shown that cell-to-cell communication and cell      
adhesion molecules such as cadherins and connexin-36 play a crucial role in 
pancreatic islet function (7, 8). It has also been demonstrated that derivatives 
of neural crest stem cells (NCSCs) provide innervation of Langerhans islets 
and that during pancreatic development signals from NCSCs modulate insu-
lin secretion and regulate β-cell mass (9). Our previous studies also revealed 
that co-transplantation of NCSCs and islets markedly improved survival and     
function of transplanted β-cells (10).  

However, our ultimate goal is to develop a method for enhancing β-cell 
proliferation and survival in T1D patients. To avoid transplant rejection, it 
will be advantageous to harvest NCSCs from the patient. For this aim the 
NCSCs from hair follicles (HFs) would be a good alternative because stem 
cells with neural crest characteristics locate in the bulge area of hair follicles, 
as previously reported (11). Thus, we compared the effect of NCSCs har-
vested from boundary cap neural crest stem cells (bNCSCs) and from hair 
follicle neural crest stem cells (HF-NCSCs) on pancreatic β-cell proliferation 
and migration capacity. Through all of these assumptions, NCSCs may open 
a new bridge connecting the gaps between the current condition of islet re-
placement therapy and a long-term solution to curing T1D.     
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Background 

Stem cells 
Stem cells are a population of undifferentiated cells that have a remarkable 
capacity to differentiate into a variety of cell types and form new cells and 
tissues. They are distinguished from other cell types by three major charac-
teristics: (a) self-renewal (the ability to divide and renew themselves), (b) 
potency (the ability to differentiate to a variety of cell types), and (c) clonali-
ty (12, 13). In spite of their abilities, some kinds of stem cells are well doc-
umented that they can release soluble factors which enhance tissue func-
tions, and suppress the local immune system (14-17). Due to their properties, 
stem cells are an unlimited source for regenerative medicine.  

Neural crest and boundary cap neural crest stem cells 
The neural crest (NC) was first described in chick embryos by Wilheim His 
in 1868 (18). This transient population of cells locates between the dorsal 
ectoderm and neural tube after gastrulation in the vertebrate embryo. The 
NC precursors express a suite of transcription factors including Snail-1, 
Snail-2 (Slug), Sox9, Sox10, and FoxD3 (19, 20) and stay in place during 
neurulation. Soon after neural tube closure, the NC cells, which undergo a 
process called epithelial-mesenchymal transition (EMT) delaminate from 
neuroepithelial and migrate along specific pathways towards the periphery 
(19, 20). NC cells emigrate from adjacent structures by changing their adhe-
sion properties, for example loss of cadherins expression at the onset of mi-
gration (21, 22). After migrations completed, they start differentiation within 
several selected locations (18, 23, 24). The NC cells have a capacity to gen-
erate multi-phenotypic derivatives including cartilage, bone, smooth muscle 
cells, connective tissue, neurons and glia cells of the enteric nervous system, 
sensory neurons and glia of the peripheral nervous system, autonomous 
nerves, and endocrine cells in the thyroid and adrenal glands (19, 23, 25, 26) 
(Figure 1). The term “neural crest stem cells (NCSCs)” was first coined by 
Stemple and Anderson in 1992, after they discovered self-renewal capacity 
of the isolated mammalian NC cells (26). The heterogeneity of these cells 
was tested and demonstrated in numerous studies either in vitro as well as in 
vivo (27-29). Since then the NC cells considered as NCSCs (26, 28-30). 
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Figure 1. Neural crest cells delaminate from the dorsal region of the neural tube, 
migrate and differentiate to a wide variety of cell types. 
(http://www.nature.com/nrg/journal/v3/n6/images/nrg819-i1.jpg) 

 

Boundary cap cells are a subpopulation of NCSCs located at entry and exit 
points of the peripheral nerve roots next to the spinal cord (Figure 2). During 
development, boundary cap neural crest stem cells (bNCSCs) migrate to 
dorsal root ganglia (DRG) (third wave of migration) and contribute to the 
generation of both satellite cells and neurons, mainly nociceptive sensory 
neurons (31, 32). In vitro, bNCSCs isolated from E11.5 mouse DRG display 
self-renewal capacity and multipotency. The isolated cells express the mark-
ers  p75, Sox 10 and nestin  as well as, a bNCSC marker, Krox20 (29, 33, 
34). bNCSCs transplanted into the demyelinated spinal cord expand and 
differentiate into myelin-forming Schwann cells (35, 36).   
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Figure 2.During development, the boundary cap cells are located at the dorsal root 
entry zone and motor exit points.   

The potential of bNCSCs after transplantation was demonstrated by an acti-
vation of Runx1 expression in Sox10 expressing bNCSCs, when a specific 
type of nociceptive sensory neurons was generated (37). In recent study, 
bNCSCs placed in their original position, the dorsal root transitional zone 
(DRTZ), on the surface of the spinal cord after dorsal root avulsion in adult 
rodents are able to generate neural cells inside the spinal cord and glial cells 
outside the spinal cord. These findings reveal that bNCSCs are a valuable 
source of multipotent stem cells (38). 

Remarkably, the NCSCs exist not only in embryo, but also in several    
areas of the adult organs such as gut, DRGs, peripheral nerves, skin, and hair 
follicles (30, 34).  

Neural crest stem cells in hair follicles 
The discovery of multipotent stem cells in hair follicles is one of the most 
remarkable findings. Typically, each hair follicle undergoes a dynamic cycle 
consisting of growth (anagen), regression (catagen), and rest phases 
(telogen) (34, 39-41). The potential of hair follicles to regenerate is related 
to the presence of stem cells and depends on the interaction between stem 
cells and their environment (39, 42). Interestingly, neural crest-derived cells 
with stem cell characteristics were found in hair follicles obtained from the 
skin of facial and trunk regions (34, 43). Numerous stem-like precursors 
dwell in the bulge region of hair follicles both in human and rodent (39, 43-
46). Moreover, markers of neural progenitor cells: nestin, p75, and sox10 are 
also expressed in these stem cells, suggesting that the bulge hair follicle cells 
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and neural crest cells are related (43, 47).This finding is supported by an in 
vitro clonal analysis which illustrates that this NCSC-like population exhib-
its a neural crest origin, since they can generate melanocytes, smooth mus-
cle, neurons, and glia (11, 45, 48). Similarly, when the follicle cells were 
transplanted into injured peripheral nerves; they specifically differentiate 
into Schwann cells which help to repair damaged nerves (49). Taking ad-
vantage of neural crest tracing analysis, neural crest-derived cells reside not 
only in the bulge but also in the dermal papilla of hair follicles (50). Thus, 
hair follicles are beyond any doubt readily accessible potential sources for 
autologous cell-based therapeutic approaches and regenerative medicine.    

The islets of Langerhans of the pancreas 
The islets of Langerhans are clusters of endocrine cells located in the      
pancreas. These cells are responsible for glucose homeostasis. Adult       
human islets vary in size from dozens up to thousands of cells. Within the 
clusters, there are five different cell types: β-cells, α-cells, δ-cells, PP-cells, 
and epsilon cells.  The β-cells produce insulin in response to an increase of     
blood glucose. The number of β-cells is estimated at 50-80% of the islet 
cells (51-53). In type 1 diabetes (T1D), the body’s immune cells erroneously 
destroy these cells giving rise to insufficient insulin production. The α-cells 
of the islets secrete glucagon which releases glucose from the liver and fat 
tissue to the bloodstream. The δ-cells produce somatostatin, a strong inhibi-
tor of insulin and glucagon, while the PP-cells secrete pancreatic polypeptide 
which contributes to stimulate gastric secretions. Finally, the epsilon cells 
produce the hormone ghrelin, regulating appetite and enhancing growth 
hormone release. In addition to endocrine cells, islets consist of non-
endocrine islet cells such as macrophages, dendritic cells, and endothelial 
cells (52, 54). In addition, the pancreatic islets are richly supplied with blood 
vessels and innervated by sympathetic, parasympathetic, and sensory nerves 
(55, 56).  

Type 1 diabetes 
T1D was previously known as juvenile-onset diabetes or insulin-dependent 
diabetes mellitus (IDDM). The incidence rate of childhood T1D continues to 
increase across Europe. The predicted prevalence of diagnosed childhood 
under aged 15 years is believed to rise from 94,000 in 2005, to 160,000 in 
2020 (57). Additionally, a research group in Spain has revealed that the 
highest incidence of T1D is observed in children aged between 10 to 14 
years. Higher frequency is found in men than in women (58).    
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T1D is a multifactorial autoimmune disease resulting from specific de-
struction of the insulin-secreting β-cells (59-61). The progressive demolition 
occurs at an unstable rate leading to the reduction of β-cell mass (62) and       
ends up with insulin deficiency, which directly affects glucose homeostasis, 
thereby further leading to high blood sugar levels (hyperglycemia) (63, 64).       
The most common symptoms of T1D are excessive urination (polyuria), 
thirst (polydipsia), increased hunger (polyphagia), and weight loss (65, 66). 
In addition, diabetes is often accompanied by neuropathies, which results    
in tissue necrosis and amputation of extremities. Presently, insulin          
injection is the most common procedure of administering insulin, however   
in extreme case when insulin replacement fails to regulate blood glucose,  
pancreas or islet transplantation may be required (5, 67).  

Pathogenesis of type 1 diabetes  
Although the pathogenesis of TID has been studied intensively, it remains 
unclear exactly what causes pancreatic β-cell damage. In T1D patients, the      
appearance of the first clinical symptoms normally presents after most of 
their β-cells have demised (64, 68). This long pre-clinical period seems to 
start and progress silently for many years before diagnosis, and during this 
stage autoantibodies to β-cell antigens can be detected (59, 64, 68-70). It is 
widely accepted that an initiating event leading to β-cell damage will be 
followed by leukocyte infiltration into the islets, a process called  insulitis 
(pre-diabetes) (1, 2).  The cells that infiltrate the islets are macrophages, T-
helper cells, cytotoxic T-cells, and B-lymphocytes. This mixed population of 
white blood cells has been observed not only in rodents but also in T1D   
patients (71). Several observations suggest that T1D is initiated by β-cell 
damage and release of β-cell antigens, which in turn trigger the resident  
antigen presenting cells (APCs) (1, 72, 73). When naive T-cells circulating 
in the bloodstream and lymphoid organs including the pancreatic lymph 
nodes (PLNs) encounter these β-cell antigens, they become activated and 
then migrate to the pancreas, infiltrate, and subsequently attack the β-cells 
(1, 71, 74, 75) (Figure 3).         
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Figure 3. Proposed scheme for an initiation of type 1 diabetes. 
(http://www.nature.com/nature/journal/v414/n6865/images/414792a-f1.2.jpg) 

Cytokine-induced β-cell death in type 1 diabetes 
Cytokines are small signaling proteins mostly produced by immune cells. 
They are primarily involved in intercellular communication during immune 
responses. Pro-inflammatory cytokines such as IL-1β, IFN-γ, and tumor 
necrosis factor-α (TNF-α) are considered as crucial activators of signaling 
pathways that have a negative impact on β-cell survival (3, 62, 76, 77)  in 
both rodent and human (78, 79). Signal transduction of IL-1β activates ki-
nase cascades resulting in the activation of the mitogen activated protein 
kinases (MAPKs) and the transcription factor nuclear factor-kappaB (NF-
κB), while IFN-γ signaling plays a role in the Janus kinase (JAK)/signal 
transducer and activator of transcription-1 (STAT-1) pathway (80). The   
activation of NF-κB in β-cell leads to expression of inducible nitric oxide 
synthase (iNOS) resulting in nitric oxide (NO) production (81).  

NO contributes to endoplasmic reticulum stress and ultimately mediates 
β-cell death (62, 80). In vitro, exposure of rodent islets to IL-1β rapidly in-
creases the activation of the transcription factor NF-κB, and promotes NO 
production (82-85). Although the pro-inflammatory cytokines IL-1β, IFN-γ, 
and TNF-α have destructive effects on β-cells on their own, the cytotoxic on 
β-cell stress and/or death are enhanced when combined (4, 78, 80). The 
combination of IL-1β + IFN-γ is potently toxic to isolated mouse islets (81) 
and purified human islets (62). Cytokine-induced rodent β-cell destruction is 
mostly dependent on IL-1β induced NO production. This harmful effect can 
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be aggravated by IFN-γ and TNF-α (4). It is therefore appropriate to expect 
that increased β-cell mass, dampened cytokine activity, and enhanced β-cell 
survival can improve outcomes of T1D treatment.   

β-cell mass and β-cell proliferation 
Islet mass is relatively stable during adult life, whereas β-cell mass can 
sometimes change, for example during neonatal period, obesity, and preg-
nancy (86-88).  β-cell mass is determined by the size of the β-cell, the prolif-
eration and differentiation of existing insulin-negative precursor cells, so 
called neogenesis, β-cell replication, and β-cell death (87, 89, 90). Several 
rodent studies have shown that during adulthood new β-cells continue to 
replicate, but with slower rate compared to the fetal and neonatal period (89, 
91). The rate of β-cell proliferation is approximately <1% per day in 1-year-
old mice (91). In human, the replication capacity of β-cells is high during 
infancy, but then declines dramatically in adults, and it is doubtful if func-
tionally relevant replication occurs after the third decade of life (92, 93). 
Even though new adult β-cells can be generated from either by the prolifera-
tion of pre-existing β-cells or by neogenesis from existing progenitor cells/ 
transdifferentiated cells, the contributions of these mechanisms are contro-
versial and not yet clarified.  

It may be that β-cell neogenesis promotes expansion of the β-cell mass in 
adult tissue (94, 95). Indeed, ductal tissue from adult human pancreas may 
able to generate new β-cells after 3-4 weeks in culture (96). Furthermore, 
activation of the pancreatic duodenum homeobox protein-1 (PDX-1) in rat 
ductal epithelial cells can notably stimulate in vitro differentiation of these 
cells towards insulin-producing β-cells (97). Although pancreatic ductal 
epithelium precursors might be a powerful source for β-cell neogenesis, this 
process is slowed down with aging (98). Other possibilities leading to  β-cell 
neogenesis are transdifferentiation of pancreatic acinar cells (99), α-cells 
(100), and intra-islet progenitor cells (101). New β-cells can also originate 
from extra-pancreatic cells, for instant hepatocytes (102). Taken together, 
considering the potential sources of new adult β-cells, many novel approach-
es for diabetes treatment can be envisaged. However, many contradictions 
and debates concerning the sources of newly generated β-cells still remain 
(90, 103).  

Therefore, in addition to finding new sources for increasing the β-cell 
mass, many investigations have focused on the regulation of β-cell cycle. 
There are many extrinsic inducers or regulators of β-cell proliferation such 
as glucose, glucagon-like peptide-1 (GLP-1), hepatocyte growth factor 
(HGF), prolactin, and growth hormone (GH) (104, 105). For internal control 
of β-cell replication, three types of cell cycle proteins: cyclins, cyclin-
dependent kinases (cdk), and cyclin-dependent inhibitors are intensively    
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investigated (106). Today, most information regarding new approaches for 
enhancing β-cell mass is obtained from animal models. Even though there 
are convenient in experimental studies, the findings obtained require inten-
sive consideration before clinical translation. 

How β-cells communicate: cell-to-cell and cell-matrix 
interactions   
In adult tissue, islet cell-extra cellular matrix (ECM) interaction is important 
for β-cell survival and function (107, 108). Results from in vitro experiments 
have suggested that islet function and viability are better maintained when 
the cells are cultured in the presence of ECM (109-111). β-cells interact with 
epithelial cells in capillary vessels via vascular basement membranes (BMs), 
a thin layer of specialized ECM, which is enriched in laminins, type IV col-
lagen, perlecan, and nidogens (112, 113). 

Laminin and integrin 
Laminins are heterotrimeric glycoprotein containing an-α, -β, and -γ chain 
(114);  they are an active part and the main component (80%) of epithelial 
BMs (115). Laminin strongly influences β-cell proliferation, when MIN6 
cells are plated on laminin matrix. The percentage of the thymidine analog 
5-bromo-2-deoxyuridine (BrdU) labeling is higher than when plated on other 
matrices (116). A recent study has revealed that laminin-511 (laminin α5, 
β1,γ1) is the only laminin isoform existed in endocrine BM of human islets 
(117). 

In β-cells, there are numerous cell surface proteins that serve as receptors 
for laminin. Almost all of them belong to integrin family. Integrin receptors    
are Ca2+ dependent and are composed of α- and β-subunits (118). When 
activated, integrins adhere to ECM and transduce extracellular signals from 
the ECM to β-cells (Figure 4). They further initiate intracellular signals that 
mediate many cellular events including cell adhesion, motility, proliferation, 
differentiation, growth, survival, and apoptosis (118, 119). β1 integrin and 
its associated α-subunit orchestrate the majority of changes in β-cell activi-
ties. Integrin α3β1 and α6β1 improve human and rat islet cell adhesion and 
spreading, thereby further increasing cell viability and insulin secretion (120, 
121). Integrin α3β1 is highly expressed in human islets and rat insulinoma 
cell line, INS-1 cells (122, 123). Blocking the α3 subunit severely disturbs 
cell functions, for instance cell adhesion, spreading, and proliferation as well 
as insulin secretion. On the other hand, perturbing β1-function in rodent 
islets aggravates β-cell apoptosis (123). 
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Cadherins 
Cadherins are a homophilic Ca2+ dependent glycoprotein. They control cell- 
to-cell interactions through, specific linking proteins, catenins (Figure 4). 
During development these adhesion proteins mediate the majority of chang-
es in differentiation, and morphogenetic processes of many tissues including 
neural crest migration (124, 125). In adults, the interactions of cadherins 
allow regulation of cell motility, signaling, growth, and viability (118, 126). 
Within pancreatic islets, epithelial (E-), and neural (N-) cadherins are ex-
pressed at the surface of islet cells, while retinal (R-) cadherin is found in the 
cytoplasm (7, 127). Previous work has established that E-cadherin is ex-
pressed in both human α- and β-cells, whereas N-cadherin is preferentially 
observed in human β-cells (128). They are both involved in maintenance of 
insulin secretion and β-cell viability.  

Current studies have demonstrated that the secretion of insulin is modu-
lated by E-cadherin expression since cultures of three dimensional islet-like 
structures formed by mouse insulinoma MIN6-cell display an increase of E-
cadherin and β-catenin expression (127, 129, 130) as well as an increased 
insulin secretion (131). Surprisingly, blocking E-cadherin expression dis-
rupts not only insulin release, but also gap junction communication (132).  

In addition to providing a beneficial effect on insulin secretion, cadherins 
also promote β-cell survival. Isolated human islets cultured on E- and N-
cadherins coated coverslips show decreased percentage of apoptotic cells 
compared with controls, suggesting that cadherin engagement mediated cell-
to-cell interactions which protect human β-cells from apoptosis (128). 

 
Figure 4. Different modalities of β-cell communication. Laminin and integrin medi-
ate the adherence of β-cell to the basement membrane (BM) of ECM. Integrins also 
transduce signals from ECM to β-cells and from β-cells to ECM (straight lines with 
double arrow heads), and further mediated intracellular signals (a curved line with 
double arrow heads). Cadherins ensure the adhesion between two β-cells in contact 
and provide the in-to-out and out-to-in signaling of β-cells (curved lines with double 
arrow heads). Gap junctions mediate a direct cytosolic transfer between adjacent 
cells (a straight line with double arrow heads).  
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Gap junction 
Gap junctions are intercellular channels formed by two units of connexon 
each of which composed of six connexin (Cx) subunits (133-135). In hu-
mans and rodents, β-cells are connected via gap junctions made of Cx36 
(136-140) (Figure 4). Through these channels β-cells can exchange cyto-
plasmic ions, and metabolites that signal neighboring cells to allow for co-
ordinated responses, which results in an appropriate insulin secretion (7, 
139). Loss of Cx36 in mice gives rise to altered insulin secretion dynamics, 
which in turn disrupts glucose homeostasis (137, 141, 142).  

In view of the above, cell-to-cell and cell-matrix interactions are crucial 
for β-cell function, proliferation, and viability. However, in the process of 
islet isolation all of these relationships are damaged or influenced by many 
of the procedures such as enzymatic digestion and islet purification, which 
could be a cause of low survival of islets after isolation. 

Pancreatic islet transplantation 
Since most insulin producing β-cells have been destroyed in T1D patients, it 
is necessary to restore insulin levels, for example by performing whole pan-
creas transplantation or islet cell transplantation. Pancreas transplantation 
has been applied with success but carries risks with regards to chronic im-
munosuppression and surgical complications (143). In islet transplantation, 
islets are isolated from donor pancreases and intravenously infused to the 
recipient’s liver, a low risk procedure (144, 145).  However, the long-term 
outcome is not as good as expected because most of treated patients lose 
graft function within five years (6). This is possibly related to several cir-
cumstances for example immune rejection (5), effects of immunosuppressive 
drugs, recurrence of autoimmunity (29), insufficiency of nerve supply (146), 
and poor revascularization within the transplants (147). In addition, immedi-
ately after transplantation inflammation mediates dysfunction of islet graft 
(148). These obstacles have prompted new attempts to overcome limitations 
associated with islet transplantation. 

Animal model experiments have revealed that co-transplantation of islets 
with mesenchymal stem cells (MSCs) promotes angiogenesis of new islet 
graft (147), reduces T-cell proliferation and function (149), and prolongs 
islet graft survival after transplantation (147). In addition to establishing a 
graft vascular network, MSCs also have antiapoptotic effects that protect 
islets from hypoxia (147, 149). Pre-culturing islets with MSCs using the 
direct contact monolayer co-culture system has positive effect on islet sur-
vival and also enhances islet function after transplantation (150).  

Another effort to overcome the limitations of post-transplantation grafting 
is based on the fact that islet innervation plays an important role in β-cell 
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function (55) and that during pancreatic development signals from NC-
derived cells regulate β-cell mass as well as their capacity to secrete insulin 
(9). Furthermore, islet innervation is destroyed during the isolation and 
transplantation processes. Thus, it may be hypothesized that bNCSCs and 
NC- derived cells function as supportive cells in islet transplantation.  

Our previous study demonstrated that embryonic DRG influence insulin 
production in co-culture experiments (151). Co-transplantation of islets with 
bNCSC-derived neurospheres under the kidney capsule significantly en-
hances both survival and function of transplanted β-cells (10). On the other 
hand, islets also have an effect on bNCSCs since co-culture of pancreatic 
islets with these neurospheres directs differentiation of bNCSCs towards a 
neuronal phenotype (152). Although these findings offer an opportunity to 
improve β-cell proliferation and viability after grafting, the interaction be-
tween both cell types requires further investigation. 
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Aims 

The overall aim of this thesis was to develop in vitro system to elucidate the 
positive effects of NCSCs on β-cells. The specific aims were as follows: 

 
• To examine if co-culture of bNCSCs with pancreatic islets will promote 

the proliferation of β-cells and if direct contact or secreting factors are 
mediating β-cell proliferation (Paper I). 
 

• To determine if co-culture of bNCSCs will protect β-cells from         
cytokine-induced β-cell death (Paper II). 

 
• To analyze which type of intercellular contacts between bNCSCs and β-

cells mediate beneficial effects for β-cell survival and function          
(Paper III). 

 
• To evaluate if HF-NCSCs have similar positive effects on β-cells as 

bNCSCs (Paper IV).     
  
• To determine if co-culture of bNCSCs will protect human β-cells from 

cytokine-induced β-cell death (Paper V). 
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Study design and Methods 

1. Cell preparation 
All procedures were approved by the Regional Ethical Committee for      
Research on animals  

bNCSCs (Papers Ι-V) 
Dorsal root ganglia (DRGs) with attached dorsal and ventral roots from 11.5 
day old transgenic C57BL/6-β-actin-enhanced green fluorescent protein 
(eGFP) mice (Jackson laboratories, http://www.jax.org) were isolated and 
used for generate bNCSC culture as described previously (33, 37).  Briefly, 
the uterus was removed from the anaesthetized pregnant mouse and placed 
in cold phosphate-buffered saline (PBS). Embryos were separated, rinsed in 
PBS, and then placed in N2 medium (DMEM/F12 supplemented with N2). 
The DRGs were dissected under a microscope and collected in N2 medium. 
The collected tissues were allowed to settle down before removing the su-
pernatant, adding new N2 medium supplemented with Collagenase/ Dispase 
(1 mg/ml) and DNase (0.5 mg/ml) solution, and then incubating for 30 min 
at 37°C water bath. After dissociation cells were plated in 500 µl of propaga-
tion medium (PROP): DMEM/F-12 (Invitrogen) supplemented with B27 
(Invitrogen), N2 (Invitorgen) as well as 20 ng/ml basic fibroblast growth 
factor (bFGF) (Invitrogen) and fibroblast growth factor (FGF) (R&D sys-
tems,  Minneapolis, MN, USA). 

 After 12 h, non-adherent cells were removed together with half of the 
medium before adding 50% of fresh medium. Every other day 50% of the 
medium was replaced with fresh medium until neurospheres began to form. 
The neurospheres were either kept free-floating in PROP and changed to 
differentiation medium consisted of 50% DMEM/F12 medium (Invitrogen) 
and 50% neurobasal (Invitrogen) supplemented with B27 and N2 (paper 
I&IV) or trypsinized for 5 min to generate free single cell suspensions for 
subsequent co-culture (paper II-V). 
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HF-NCSCs (Paper IV) 
HF-NCSCs were prepared according to Sieber-Blum’s protocol (11) with 
slight modification. In brief, whiskers were dissected from the whisker pad 
and follicles were reattached from connective tissue and rinsed in PBS. The 
follicle was cut at the level above the cavernous sinus and then below the 
skin. The capsule was cut longitudinally with an eye scissors; the bulge was 
rolled out of the capsule, rinsed 3 times in PBS, and placed into 48-well 
plate with DMEM/F12 with 10% fetal bovine serum and FGF (10ng/ml).  

After 2-3 days explants were attached to the well. After 6 days when cells 
started migrate from the explants, the cells were resuspended by trypsin for 
10 min and bulge explants were removed. Cells were plated at concentration 
of 1.5- 2x105 cells per ml. The cells adhered within 1 hour. After that cells 
were cultured for 1 additional week. 

Isolation of pancreatic islets  
Paper I 
Pancreatic islets were isolated from 8 week-old Balb/C mice or from 8-
week-old and 12-month-old C57BL/6 mice for aged islet experiments (El-
evage Janvier, Le Genest Saint Isle, France). Pancreases were inflated with 
isolation medium (Lonza, Basel, Switzerland) supplemented with 0.3 mg/ml 
collagenase (Sigma-Aldrich, St. Louis, MO, USA) by injection via the pan-
creatic duct. The pancreas was then dissected and further digested. Islets 
were hand-picked with glass Pasteur pipettes under the microscope and im-
mediately placed in RPMI-1640 (Invitrogen, Carlsbad, CA, USA) medium 
with 11.11 mmol/l glucose. Human islets were harvested from three differ-
ent donors: two 57-year-old women and one 27-year-old woman. Ethics 
approval to use endocrine-enriched cells derived from donor organs was 
given by the Medical Ethics Committee of the University Hospital of the 
Vrije Universiteit Brussel. 

Paper IV 
Islets were isolated from transgenic C57BL/6-b-actin DxRed fluorescent 
protein (RFP) mice (Jackson Laboratories, Bar Harbor, Maine,  USA) and 
from C57BL mice by collagenase digestion method, as described previously 
(153). The islets were cultured free-floating for 3-5 days in culture medium: 
RPMI-1640 (Sigma-Aldrich, Irvine, UK) supplemented with L-glutamine 
(Sigma- Aldrich), benzylpenicillin (100 U/ml; Roche Diagnostics Scandina-
via, Bromma, Sweden), streptomycin (0.1 mg/ml; Sigma-Aldrich) and 10% 
(v/v) fetal calf serum (FCS) (Sigma-Aldrich). The medium was changed 
every day.  
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RIN5AH cells (Paper ΙΙ)  
Rat RIN5AH cells, at passage numbers 20-30, were maintained in RPMI-
1640 medium supplemented with 10 % FCS (Sigma Chemicals, St Louis, 
MO, USA), 2 mM L-glutamine, benzylpenicillin (100 U/ml), and streptomy-
cin (0.1 mg/ml). All cells were grown at 37°C in a humidified air incubator 
with 5 % CO2.   

β-TC6 cells (Paper III) 
Mouse β-TC6 cells were maintained in RPMI-1640 (Gibco, Grand Island, 
NY, USA) containing benzylpenicillin (100 U/ml), 2 mM L-glutamine, 10 % 
FCS (Sigma Chemicals St Louis, MO, USA), and streptomycin (0.1 mg/ml). 
All cells were grown at 37°C in a humidified air incubator with 5 % CO2. 

EndoC-βH1 cells (Paper V) 
Human EndoC-βH1 cells, a kind gift from Prof. R. Scharfmann and Prof. P. 
Ravassard, INSERM, Paris, France, were cultured in ECM/fibronectin-
coated plates in low-glucose DMEM with supplements as previously de-
scribed (154). All cells were grown at 37°C in a humidified air incubator 
with 5 % CO2.       

2. Co-culture experiments  

Paper I  
For co-culture of neurospheres and islets, 24-well plates were coated with 10 
µg/ml poly-L-lysine (PLL) (Sigma-Aldrich) for 1 hour at 37˚C followed by 
washing with bidistilled water and then coating with 10 mg/ml laminin 
(Sigma-Aldrich) for at least 4 hours at 37˚C. To improve their attachment to 
the wells, neurospheres and islets were seeded in the wells in drops of 15 µl 
medium and left for 1 hour at 37˚C and 5% CO2. The appropriate medium 
was then supplemented to the wells. Cells were then plated in PROP for 3 
days then followed by DIFF, a condition from now on referred to as PROP-
DIFF, or continued in PROP for 7 days (Figure 5). 
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Figure 5.Schematic timeline of the different conditions of the co-culture. Islets were 
cultured in RPMI-1640 for 3 days prior to co-culture with bNCSC-neurospheres. 
When the co-culture experiment was started, the cells were grown in PROP for 3 
days then change to DIFF or continued in PROP for 7 days. After 10 days of the co-
culture, cells were analyzed. 

 

For transwell assays, islets were plated in the bottom of 24-well plates, while 
bNCSCs were in the upper compartment or inserts (Becton and Dickinson). 
The upper and lower compartments were separated by a membrane with 0.4 
µm pore size, which allows molecules to migrate between compartments. 
Further culture conditions were similar to what has been described above 
(Figure 5). 

Paper ΙΙ 
A total of 1x104 RIN5AH cells and 1x105 bNCSCs were plated in 24-well 
plates either alone or together in RPMI-1640 containing 2 mM L-glutamine,  
streptomycin (0.1 mg/ml), benzylpenicillin (100 U/ml), and 10 % FCS. After 
two days of culture, cells were either left untreated or treated with a mixture 
of cytokines (50 U/ml IL-1β + 1000 U/ml IFN-γ) for an additional 48 hours 
before analysis (Figure 6).  
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Figure 6 Schematic drawing of an experimental design for papers II, III, and V 

 

Paper III 
Dispersed bNCSCs were plated at 1x105 in 24-well plates or 0.4 mm pore 
size PET track-etched membrane inserts (Falcon). Cells were allowed to 
cover most of the surface during three days of culture in the N2 medium 
(DMEM/F12 supplemented with N2). All wells/inserts were pre-coated with 
laminin (10µg/mL) to promote efficient spreading of the bNCSCs.  

After three days, 1x104 β-TC6 cells were plated either alone or together 
with the bNCSCs (Figure 6). At this stage the culture medium was changed 
to RPMI-1640 medium containing 2 mM L-glutamine,  streptomycin (0.1 
mg/ml), benzylpenicillin (100 U/ml), and 10 % FCS. For co-culture with 
inserts the β-TC6 cells were plated in the bottom of the well and the 
bNCSCs were above in the inserts. 

 Two days after co-culture, cells were either left untreated or treated with 
a mixture of cytokines (20 ng/ml IL-1β + 20 ng/ml IFN-γ; Peprotech) for an 
additional 48 hours. In some experiments, cells were treated with the gap 
junction inhibitor carbenoxolone (50 µM; Sigma-Aldrich) during the       
cytokine exposure period. After 48 h of the cytokine treatment, cell viability 
was analyzed and culture medium samples were evaluated for nitrite content 
using the Griess reagent (155). 
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Paper IV 
Two conditions of co-culture were prepared: (i) islets harvested from RFP- 
mice co-cultured with eGFP-bNCSCs (in neurosphere form) or eGFP-HF-
NCSCs and (ii) islets harvested from C57BL-mice co-cultured with dissoci-
ated eGFP-bNCSCs or eGFP-HF-NCSCs. Groups used for the study were 
(A) bNCSCs alone, (B) HF-NCSCs alone, (C) Islets alone, (D) bNCSCs co-
cultured with islets in equal proportions, and (E) HF-NCSCs co-cultured 
with islets in equal proportions (Figure 7). Cells were directly seeded in 4-
well dishes with poly-D-Lysine (PDL) (50 μg/ml) and laminin (20 mg/ml) 
(Sigma-Aldrich) coated coverslips and cultured in differentiation medium 
consisting of 50% neurobasal (Invitrogen) and 5% DMEM/F-12 medium 
(Invitrogen) supplemented with B27 and N2 for seven days. Finally, the 
coverslips were processed for immunocytochemistry. 

In co-culture with islets (C57BL), when bNCSCs and HF-NCSCs were 
prepared as single cell suspension, a drop containing 1x105 cells was placed 
at a distance of 700 µm from the islets. Images of live cells originating from 
eGFP-NCSCs and RFP-islets or C57BL-islets were taken from day one to 
day seven of the differentiation assay. The distance between migrated cells 
(bNCSCs and HF-NCSCs) and the surface of co-cultured islets during this 
time period was measured.  

 

 
 

Figure 7.Schematic drawing of an experimental design for paper IV 
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Paper V 
Dissociated bNCSCs were plated at 1x105 cells in 24-well plates pre-coated 
with ECM/fibronectin. At the same time 1x105 EndoC-βH1 cells were plated 
either alone or together with the bNCSC cells. At this stage the culture     
medium was changed to RPMI-1640 medium containing 2 mM L-glutamine,  
streptomycin (0.1 mg/ml), benzylpenicillin (100 U/ml), and 10 % FCS. After 
two days of co-culture, cells were either left untreated or treated with a mix-
ture of cytokines (50 U/mL IL-1β + 1000 U/mL IFN-γ; Peprotech) for an 
additional 24 hours (Figure 6).  

3. Detection of proliferating cells with nucleoside 
analogue 5-ethynyl-2’-deoxyuridine (EdU) (Paper Ι) 
EdU (Invitrogen) was added to the culture medium during the last seven 
days of cell culture at a final concentration of 10 µmol/l. Staining for EdU 
was performed according to the manufacturer’s recommendations. Briefly, a 
300 µl aliquot of the staining solution was added to the wells and left in the 
dark for 30 min prior to wash with PBS.  

4. Determination of insulin production (Paper Ι) 
Insulin content and release were determined at the end of the culture period: 
following 3 days in PROP and 7 days in PROP or DIFF, the medium was 
replaced by RPMI-1640 and cells were left for an extra 24 h in culture. Glu-
cose-stimulated insulin release assay and insulin content measurement were 
then performed as previously described (156). 

5. Determination of neurite length (Paper Ι) 
Neurite outgrowth in cultures was determined by counting the numbers of 
intersections between neurites and test lines in an unbiased counting frame 
superimposed on images of cell cultures (157). 

6. Immunocytochemistry 

Paper I  
Cells were fixed in 4% buffered paraformaldehyde (PFA) for 20 min, 
washed with PBS prior to permeabilisation for 15 min using 0.2% Triton ® 
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X-100. After washing with PBS, cells were incubated for 30 min in normal 
donkey serum. Primary antibody (table 1) was then applied overnight at 4˚C 
and washed with PBS. Cells were incubated with secondary antibody (table 
2) for 2 hours at room temperature before washing with PBS. DNA was 
labelled using Hoechst 33342 (sigma-Aldrich) at a final concentration of 8 
µg/ml for 20 min. Coverslips were then mounted on glass slides with VEC-
TASHIELD fluorescent mounting medium (Vector laboratories). 

Papers III-V 
Cells were fixed in 4% PFA for 7 min at room temperature and washed with 
PBS. The cultures were pre-incubated for 30 min using blocking solution 
containing 0.1% Triton ® X-100, 3% FCS, and 1% bovine serum albumin 
(BSA). Primary antibody (table 1) was diluted in PBS containing 1% BSA 
and 1% FCS, and added to the cells either for 30 min at 37°C or overnight at 
4°C. Cells were then washed with PBS after which an appropriate secondary 
antibody (table 2) was applied to the cells for 30 min at 37°C or 1h at room 
temperature. Cells were washed again with PBS prior to stain with Hoechst 
33242 (11ng/mL, Invitrogen) for 15 min. Coverslips were mounted on glass 
slides with Dako Cytomation fluorescent mounting solution.      

Table 1. List of primary antibodies 

 Antigen Host   Source 

 Paper I Insulin Guinea pig Gift of C. Van Schravendijk, 
Diabetes Research Center, Vrije 
Universiteit Brussel

 GFAP Rabbit Dako z0334
 β-tubulin Mouse Invitrogen 32-2600

 
PDX1 Goat Provided by the Beta cell Biology 

Consortium
 Cleaved caspase3 Rabbit Cell signaling 9661
 Paper III NOS2 Mouse c11 Santa Cruz 7271
 β-catenin Rabbit Abcam 16051
 Pan-cadherin Mouse Abcam CH-19

 
PE-conjugated  
α6-integrin

Rat Abcam 95703 

 Laminin Rabbit Sigma L9393

 
Phospho-FAK 
(pY397)

Rabbit Invitrogen 44624 

 Paper IV Pan-cadherin Mouse Abcam 6528
 Human-Ki67 Mouse BD Pharmingen 556003
 Insulin Guinea pig Reactionlab Sverige AB, 20-IP30 
 Paper V β-tubulin Rabbit Covance Research Products
 GFAP Rabbit Dako
 N-cadherin Rabbit Abcam 12221
 E-cadherin Mouse Abcam 
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Table 2. List of secondary antibodies 

7. Determination of cell viability (Papers ΙΙ, III, and V) 
Three groups of cell cultures were studied: (i) β-cell alone, (ii) bNCSC 
alone, and (iii) bNCSCs co-cultured with β-cells. Cells were labeled for 10 
min at 37°C with 10 µg/mL of propidium iodide (PI) (Sigma-Aldrich) prior 
to wash once with PBS and then trypsinized for 5 min at 37°C. Cell suspen-
sions were analyzed in a Becton Dickinson FACSCalibur flow cytometer for 
FL1 (eGFP) and FL3 (PI) fluorescence. Frequencies of cell death were then 
quantified for eGFP positive and eGFP negative cells separately, and ex-
pressed as percentage of total eGFP positive and negative cell numbers, re-
spectively. 

8. Flow cytometry analysis of ERK, Akt, and FAK 
phosphorylation (Paper III)  
The following primary antibodies were used: rabbit Phospho-FAK(Y397) 
(Invitrogen), rabbit Phospho-FAK(Y576/577) (Cell Signaling), PerCP-
conjugated Phospho-ERK1/2(T202/Y204) (Becton Dickinson), and PE-
conjugated Phospho-Akt(T473) (Becton Dickinson). Secondary antibody for 

 Name Host   Source 

 Paper I Cy3 Donkey anti-guinea pig Jackson Immunoresearch   
Laboratories 706-166-148 

 
Cy2 Donkey anti-rabbit Jackson Immunoresearch   

Laboratories 711-486-152 

 
Cy5 Donkey anti-rabbit Jackson Immunoresearch   

Laboratories 711-496-152 
 Cy3 

 
Cy2 

Donkey anti-goat 
 
Donkey anti-mouse 

Jackson Immunoresearch   
Laboratories 705-165-003 
Jackson Immunoresearch   
Laboratories 715-486-150 

 
Cy5 Donkey anti-mouse Jackson Immunoresearch   

Laboratories 715-496-150 
 Paper III Cy3 

 
Alexa flour 555

Donkey anti-mouse 
 
Goat anti-rabbit

Jackson Immunoresearch   
Laboratories 715-165-151 
Invitrogen A21428

 Paper IV Alexa flour 594 Goat anti-mouse Invitrogen A11032

 
Cy3 Donkey anti-mouse Jackson Immunoresearch 

Laboratories 715-165-151 
 Alexa flour 633 Goat anti-guinea pig Invitrogen A21105
 Paper V Cy3 Donkey anti-mouse Jackson Immunoresearch 

Laboratories 715-165-151 
 Alexa flour 555 Goat anti-rabbit Invitrogen A21428
 Alexa flour 594 Goat anti-mouse Invitrogen A11032
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the phospho-FAK antibodies was DyLight 650 (goat anti-rabbit, Abcam). 
Briefly, cells were rapidly fixated, according to the protocol of the BD 
Phosflow kit (Becton-Dickinson). The cells were then permabilized, incu-
bated with antibodies and washed for flow cytometry analysis (FACSCali-
bur) of fluorescent signals.  

9. Immunoblotting (Paper III) 
Cells were lysed in SDS sample buffer, boiled for five minutes and separated 
by SDS-PAGE. Proteins were electrophorectically transferred onto a Hy-
bond-P membrane (GE Healthcare, Uppsala, Sweden). Membranes were 
incubated with the following primary antibodies: mouse anti-NOS2 (C-11, 
Santa Cruz) and mouse anti-tubulin (Santa Cruz). The immunodetection was 
performed as described for the ECL immunoblotting detection system (GE 
healthcare) using the Kodak Image Station 400 MM.  

10.  RNA extraction and Real-Time PCR (Paper IV) 
Total RNA was isolated from cell cultures using TRlzol reagent (Invitrogen) 
and treated with TurboDNAfree (Ambion, Life Technologies) to remove any 
contaminating DNA. The first strand cDNA was synthesized by using     
RevertAid First Strand cDNA Synthesis Kit (Ferments, Thermo Fisher    
Scientific) and oligo (dT)-oligonucleotides according to the manufacturer’s 
protocol.  

Real-time quantitative PCR (qPCR) was performed using the 
StepOnePlus Real-Time PCR systems (Applied Biosystems, Life           
Technologies). qPCR was done using the SYBR Green PCR Master Mix 
(Evrogene) in a total volume of 20 µL. The primers for E-cadherin (108 bp), 
N-cadherin (72 bp), and GAPDH (123 bp) used in this study were shown in 
table 3. The qPCR amplification protocols were as follows: (i) denature at 
95°C for 5 min, (ii) subsequent 40 cycles-denature at 95°C for 15 s, and (iii) 
anneal and extend at 60°C for 1 min. All samples were run in triplicate. The 
specificity of the amplification reactions was confirmed by agarose gel elec-
trophoresis and melting curve analysis. The threshold cycle (Ct) value for 
each gene was normalized to the Ct value for GAPDH. 
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Table 3.  List of primers 

                     Sense                      Antisense 

E-cadherin  5՛ -GACGCTGAGCATGTGAAGAA-3՛  5՛ -GTCTAACAGGACCAGGAGAAGA-3՛  

N-cadherin  5՛ -GGTGGAGGAGAAGAAGACCAG-3՛  5՛ -GGCATCAGGCTCCACAGT-3՛  

GAPDH  5՛ -AGGTCGGTGTGAACGGATTTG-3՛  5՛ -TGTAGACCATGTAGTTGAGGTCA-3՛  

11. Plasma membrane E-/N-cadherin intensity measurement 
(Paper V) 
Fluorescent images of E-/N-cadherin labeled β-cells were analyzed using 
ImageJ software. Based on bNCSCs and β-cell connections, we divided the   
labeled β-cells into four groups (N=100 cells/group): (i) direct bNCSC/β-cell 
contact, (ii) indirect bNCSC/β-cell contact, (iii) β-cell alone as cluster, and 
(iv) single β-cell. For calculation of plasma membrane E-/N-cadherin        
intensity, we used the following formula:  

Plasma membrane intensity = Mean gray value of selected area - Background,    
where background is the mean gray value for a region selected just beside the cell. 

12. Microscopic analysis 

Fluorescent microscope      
Paper I                  
Fluorescent microscopy was carried out on an Olympus BX61 microscope 
equipped with Olympus UPlan SApo lenses (Aartselaar, Belgium). Images 
were captured via an Orca R2 C10600 digital camera (Hamatsu, Herrsching 
am Ammersee, Germany) and processed using Smartcapture software    
(Digital Scientific, Cambridge, UK).  

Paper II 
Cultures were analyzed in a Nikon Eclipse TS100 inverted fluorescence 
microscope. 

Papers III-V 
Immunolabeled slides were analyzed in a Nikon Eclipse E800 fluorescence 
microscope. 
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Confocal microscope  
Paper I 
Confocal images were conducted using a Zeiss LSM 710 NLO microscope 
(Carl Zeiss, Zaventem, Belgium) combined with a Mai-Tai deepsee         
multiphoton laser. Image analysis was performed using Zen LE software 
(Carl Zeiss). 

 

Papers IV and V 
Confocal microscopy was done using Zeiss LSM 780. The images were   
analyzed with ZEN software. 

13. Statistical analysis 

Paper I                                                                                                               
Data were expressed as mean ± SEM. Student’s t test or ANOVA with    
Bonferroni post hoc test were used for comparisons. Differences were     
considered statistically significant when p ˂ 0.05. 

Papers II-V                                                                                                               
Data were analyzed using Student’s paired t-test. Additionally, in paper IV, 
data from migration assay was analyzed using one-way analysis of variance 
(ANOVA). For all tests, a p-value < 0.05 was considered to be statistically 
significant. 
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Results and discussion 

Paper I: Differentiating neural crest stem cells induce 
proliferation of cultured rodent islet β-cells. 

bNCSCs enhance proliferation of primary pancreatic β-cells in 
co-culture 
bNCSCs markedly increased proliferation of transplanted islets after co-
implantation under kidney capsule (10). However, if this is the direct effect 
of cell-to-cell interactions or the result of complex in vivo environment was 
still unclear. We therefore studied if this effect remains in vitro, where only 
bNCSCs and islets were placed. Islets or dissociated islets were cultured in 
PROP or PROP-DIFF media either with bNCSCs or -alone. To identify pro-
liferating β-cells, the cultures were stained for insulin and thymidine ana-
logue, EdU. We found that when islets were co-cultured with bNCSCs in 
PROP-DIFF condition, EdU-labeling of β-cells dramatically increased more 
than tenfold. Within dissociated islets, up to 38.5 ± 5.9% of the β-cells pre-
sented EdU in their nuclear during co-culture with bNCSCs. As shown in the 
results, striking proliferation of β-cells was presented after changing medium 
from PROP to DIFF, indicating that the differentiation of bNCSCs towards 
glial and neuronal fate affected β-cell proliferation. This proliferation induc-
ing effect was associated with the early state of post-mitotic bNCSCs, be-
cause co-culture of islet cells with differentiated sensory neurons failed to 
promote β-cell proliferation in co-culture (152).  

Previous studies have shown that during mouse development the signals 
from neural crest cells regulate β-cell mass (9, 158), and neuronal signals 
from the liver induce β-cell mass expansion in a murine obesity model (159). 
Based on these data and our findings, we suggest that co-cultured/co-
transplanted bNCSCs increase the total β-cell mass. To explore this point, 
dissociated islets were seeded with or without bNCSCs and kept in the cul-
ture conditions as described above (Figure 5). To identify all β-cell nuclei, 
cells were stained using pancreatic duodenal homeobox 1 (PDX1), and the 
total number of PDX1+ nuclei per well was manually counted at the end of 
the culture experiment. The results revealed that in PROP, there was no dif-
ference of β-cell proliferation between dispersed islets cultured with or 
without bNCSCs. However, when dissociated cells were co-cultured with 
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bNCSCs in PROP-DIFF, a significant increase in the total PDX1+ cells could 
be found when compared with dissociated islets cultured in PROP-DIFF 
without bNCSCs. From these results, we therefore concluded that bNCSCs 
have an influence on the expansion of β-cell mass in vitro.  

Direct cell-to-cell contact between β-cells and bNCSCs is 
necessary for enhancing β-cell proliferation  
Even though we have revealed that in co-culture mouse bNCSCs induced 
proliferation of β-cells, the nature of this stimulating effect has not been 
elucidated. Neurotrophic factors including brain-derived neurotrophic factor 
(BDNF) (160), nerve growth factor (NGF) (161), ciliary neurotrophic factor 
(CNTF) (162), and glial cell line-derived neurotrophic factor (GDNF) (163) 
have been shown to promote survival and proliferation of β-cells. Thus, we    
investigated if soluble factors produced by bNCSCs induce β-cell prolifera-
tion. For this purpose, we performed transwell assay where bNCSCs and β-
cells were cultured on different sides of inserts either in PROP or PROP-
DIFF and stained for EdU during the last 7 days. In co-culture with the in-
sert, bNCSCs failed to promote β-cell proliferation in any condition of me-
dia. However, when islets were co-cultured with bNCSCs in PROP-DIFF, β-
cell proliferation was stimulated. We further explored whether potential 
factors produced by islets when they were in contact with bNCSCs have an 
effect on β-cell proliferation. To test this issue, the two cell types were co-
cultured in the insert, while islets were plated in the bottom compartment of 
the culture well. At the end of the culture, EdU labeling demonstrated that 
no proliferating β-cells were observed in the lower compartment. Indeed, it 
was a clear indication that in order to enhance proliferation of β-cells the 
direct cell-to-cell contacts between the pancreatic islets and bNCSCs is re-
quired.  

Proliferating β-cells response to glucose stimulation 
The total insulin content in the islets alone or in the presence of bNCSCs in 
either PROP or PROP-DIFF was compared with islets cultured for 10 days 
in RPMI-1640. Among all conditions, more insulin content was observed 
when islets were cultured with bNCSCs under PROP-DIFF condition. This 
finding was, however, not statistically significant. To test whether pancreatic 
islets are still functional after co-culture with bNCSCs, glucose-stimulated 
insulin secretion (GSIS) was determined. The percentage of total insulin was 
recorded after stimulated the cells for 2 hours by 2, 10, or 20 mmol/l glu-
cose. No statistic significant differences in GSIS were found in any of the 
culture tested either at 2 or at 10 mmol/l glucose. At 20 mmol/l glucose, 
islets cultured in PROP or PROP-DIFF, as well as islets co-cultured with 
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bNCSCs in PROP, showed less insulin release after stimulation compared 
with islets co-cultured with bNCSCs in PROP-DIFF.  In addition, there was 
no statistic significant difference between the co-culture in PROP-DIFF 
condition and control islets cultured in RMPI-1640 medium. Thus, we noted 
that proliferating β-cells in the presence of bNCSCs and co-cultured in 
PROP-DIFF condition exhibited normal glucose-stimulated insulin release. 

bNCSCs interact with pancreatic islets when co-cultured  
We previously revealed that pancreatic islets induce differentiation and   
migration of bNCSCs when they are in co-culture (152).  Inspired by this 
finding, we plated bNCSC-derived neurosphere and islets at 1:1 ratio at the 
start of a co-culture experiment.  After co-cultured, the cells were stained for 
glial fibrillary acidic protein (GFAP), β-tubulin ΙΙΙ, insulin, and glucagon 
together with determination of axon length. Neurite length from bNCSCs 
increased when islets and bNCSCs were co-cultured in PROP-DIFF condi-
tion (3 days in PROP and followed by 7 days in DIFF) compared with cul-
ture in PROP. When islets were co-cultured with bNCSCs in PROP, few 
GFAP+ or β-tubulin ΙΙΙ+ fibres surrounded the islets, and only a few were 
contacted the β-cells in the core of the islets. However, when islets were co-
cultured with bNCSCs in PROP-DIFF, numerous β-tubulin ΙΙΙ+ neurites 
were observed deep inside the islets where GFAP+ fibres were rather rare. 
Thus, these findings reveal that in co-culture the bNCSCs are able to estab-
lish direct contacts with β-cells, even with the ones which are located in the 
core of the islets, since bNCSCs differentiate to neurons in the presence of 
the islets and extend their axons inside the islets, making cell-to-cell con-
tacts. 

β-cells from aged mice, but not human β-cells, have the capacity 
to proliferate  
Evidence for age-related decrease in β-cell proliferation has accumulated 
both in mice (164-167) and humans (93). More knowledge concerning the        
mechanisms underlying this phenomenon might provide perspectives for the 
treatment of diabetes in aged patients (168).  To investigate whether the co-
culture of islets and bNCSCs could induce proliferation in β-cells isolated 
from aged mice or human donor pancreases. Islets from young (8 weeks old) 
mice, aged (12 months old) mice, and human donors were co-cultured either 
with bNCSCs or without bNCSCs in PROP and PROP–DIFF media. EdU 
was provided to the cells for the last 7 days and assayed by immunocyto-
chemistry. At the end of the cultures, no proliferation was observed in β-
cells of young or old islets co-cultured with bNCSCs in PROP. However, 
both young and old β-cells similarly incorporated EdU when co-cultured 
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with bNCSCs in PROP–DIFF. In contrast, EdU incorporation by human β-
cells remained very low (below 0.3%) under all culture conditions. In sum-
mary, we show that mouse β-cells isolated from 1-year-old mice and co-
cultured with bNCSCs displayed the same proliferative capacity as β-cells 
isolated from 8-week-old mice, indicating that exogenous factors are able to 
overcome the endogenous quiescence. Our co-culture protocol thus offers a 
platform to study β-cell proliferation under conditions of ageing. 

β-cell proliferation decreased while death increased during co-
culture  
To investigate the kinetics of β-cell proliferation and apoptosis during co-
culture with bNCSCs, islets were pre-cultured for 3 days in RPMI-1640 
prior to seeding in 24-well plates with bNCSCs and kept in PROP medium 
for 3 days. Medium was then replaced by either PROP or DIFF and cells 
were kept in culture for 7, 11, 15 or 18 days in total. EdU was added to the 
culture for the last 3 days. Cells were then stained for insulin and activated 
caspase 3. We observed that β-cell proliferation decreased between day 15 
and day 18 of the culture, while the amount of cleaved caspase 3+ β-cells 
remained low in both PROP and PROP–DIFF until day 11, then increased at 
day 15 in PROP–DIFF and finally increased further both in PROP and 
PROP–DIFF at day 18. β-cell proliferation and death thus follow opposite 
trends during co-culture. 
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Paper ΙΙ: Co-culture of insulin producing RIN5AH cells 
with neural crest stem cells protects partially against 
cytokine-induced cell death. 
 

bNCSCs promote partial protection against cytokine-induced β-
cell death 
Pro-inflammatory cytokines such as IL-1β and IFN-γ cause dysfunction of 
β-cells and induce β-cell death (3). In addition, the levels of pro-
inflammatory cytokines have been correlated to insulitis and β-cell destruc-
tion in both NOD mice (169) and T1D patients (170).  To determine whether 
co-culture of insulin-producing RIN5AH cells with bNCSC affects cytokine-
induced β-cell death in vitro, we plated eGFP-negative RIN5AH cells and 
eGFP-positive bNCSCs either together or separately in culture and exposed 
with a mixture of cytokines (IL-1β + IFN-γ). After 48 h, cells were stained 
for propidium iodide (PI) and analyzed for cell death frequencies using flow 
cytometry. We found that on day two in culture, bNCSCs were in contact 
with RIN5AH cells. This resembles the in vivo situation when bNCSC-
derived neurospheres and islets were co-transplanted under the kidney cap-
sule (10). We suggested that bNCSCs and RIN5AH cells may communicate 
via both soluble factors and direct cell-to-cell interactions.    

The flow cytometry results revealed that during culture of only RIN5AH 
cells, the total numbers of dead cells were remarkably increased by cyto-
kines. This result was similar to what has been observed in previous studies 
(155, 171, 172). However, cell death of bNCSCs cultured alone was not 
affected by cytokine treatment. Interestingly, co-cultured of rat RIN5AH 
with bNCSCs resulted in partial protection against cytokine-induced cell 
death, possibly as a result of bNCSCs releasing growth factors including 
NGF, BDNF, CNTF and GDNF (160, 162, 163), which mediate RIN5AH 
antiapoptotic signaling.  

Moreover, when bNCSCs were co-cultured with RIN5AH cells, the cell 
death rates of bNCSCs were increased, suggesting that an interaction      
between these two cell types led to increased susceptibility of bNCSCs to 
cytokines. It is possible that signals from RIN5AH cells modulated bNCSC 
differentiation, which increased the sensitivity to the cytokines. Thus, our    
current findings indicate that inflammatory reactions in β-cells may be 
dampened by bNCSCs, and that NCSC-islet co-transplantation may become 
a useful tool to enhance β-cell survival during grafting.    
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Paper III: Co-culture of neural crest stem cells (NCSC) 
and insulin producing β-TC6 cells results in cadherin 
junctions and protection against cytokine-induced β-cell 
death. 
 
Direct contact promotes β-TC6 viability when co-cultured with 
bNCSCs. 
In previous study, we revealed that bNCSCs potently protect β-cells against 
cytokine-induced cell death when co-cultured (173), but the details behind 
this protection remained unclear. To examine whether protection against 
cytokine-induced death was mediated by soluble factors or direct contact, 
mouse β-TC6 cells and bNCSCs were cultured with or without cell culture 
inserts which allow passage of soluble factors, but not direct cell-to-cell 
contact. We found that cytokine-induced β-TC6 cell death was counteracted 
only by co-culture with bNCSCs suggesting that a direct contact between β-
TC6 cells and bNCSCs was required for protection.  

Effects of bNCSC co-cultured with β-TC6 cells on nitrite 
production and iNOS expression. 
Cytokines promote rodent β-cell death in vitro mainly by activation of the 
inducible nitric oxide synthase (iNOS) enzyme (3). To study the correlation 
between the co-culture and iNOS induction, we next analyzed nitrite levels, 
the end product of iNOS-derived nitric oxide, in the culture medium after  
co-culture. In non-cytokine exposed cells nitrite was not detected, whereas 
in cytokine-exposed cells nitrite was 10-fold higher in β-TC6 cells than in 
bNCSCs when cultured alone. Co-culture of β-TC6 cells and bNCSCs sepa-
rated by an insert did not affect nitrite production. However, co-culture 
without inserts resulted in a potentiated nitrite production as compared with 
β-TC6 cells alone. To evaluate the origin of cytokine-induced nitric oxide 
production, we stained the cells cultured without inserts for iNOS. iNOS-
labeled cells were presented only in β-TC6 cells treated with cytokines. 
When β-TC6 cells were co-cultured with bNCSCs, some β-TC6 cells were 
iNOS positive. None of the bNCSCs displayed iNOS labeling. Thus, nitric 
oxide is mainly produced by β-TC6 cells, and a higher survival rate of β-
cells, induced by direct co-culture with bNCSCs, allows a further enhanced 
and/or prolonged nitric oxide production. 
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Effects of β-TC6 and bNCSCs co-culture on laminin, α6-integrin 
and phospho-FAK immunofluorescence. 
To explore which types of intercellular contacts between bNCSCs and        
β-TC6 cells that provide beneficial effects for β-cell survival, we next stud-
ied the laminin - integrin - focal adhesion kinase (FAK) cell adhesion path-
way using immunostaining. We observed that bNCSCs, but not β-TC6 cells, 
produce laminin. Furthermore, in co-culture laminin-positive bNCSCs often 
came in close contact with the laminin-negative β-cells. This raises the pos-
sibility that β-TC6 cells, via integrins, attach to the bNCSC-produced extra-
cellular matrix protein laminin. We therefore analyzed an immunostaining 
pattern of α6-integrin, a laminin-binding extracellular matrix receptor (174). 
A weak cytoplasmic α6-integrin signal was found in β-TC6 cells cultured 
alone. When co-cultured with bNCSCs, however, this signal was not in-
creased. Instead, bNCSCs displayed clear α6-integrin signals which were 
often localized to plasma membrane regions of the bNCSCs. This indicates 
that laminin/α6-integrin interactions occur predominantly in bNCSCs, but 
may also be present in β-TC6 cells.  

A recent study demonstrated that integrin receptor activation affects β-
cell function, survival and proliferation (175), and often stimulates FAK        
phosphorylation and accumulation at focal adhesion sites. To test whether 
co-culture of β-TC6 cells with bNCSCs affected FAK accumulation, we next 
stained for phospho-FAK (Y397). Phospho-FAK focal adhesions were found 
at the plasma membrane of both bNCSCs and β-TC6 cells, but these positive 
sites were less frequent in bNCSCs. Although numerous phospho-FAK 
stained focal adhesions were found at the plasma membrane of β-TC6 cells 
when cultured alone, these focal adhesion sites were decreased in number 
when cultured with bNCSCs. Thus, direct contact with bNCSCs may      
efficiently hinder the formation of β-TC6 cell focal adhesions, even though 
laminin is produced by surrounding bNCSCs.  

Effects of β-TC6 and bNCSCs co-culture on the phosphorylation 
of ERK, Akt and FAK. 
To further corroborate our finding that direct contacts with bNCSCs dampen 
β-TC6 cell FAK activation, we further analyzed the effect of the co-culture 
on β-TC6 cell ERK (T202/Y204)/, Akt (S473), FAK (Y397) and FAK 
(Y576/577) phosphorylation by flow cytometry and the Becton-Dickinson 
Phosflow technique. We observed significant decreases in phospho-ERK, 
phospho-FAK (Y397) and phospho-FAK (Y576/577) levels in β-TC6 cells 
co-cultured with bNCSCs, as compared to β-TC6 cells cultured alone. There 
was also a trend to lower phospho-Akt, but this did not reach statistical    
significance. Nevertheless, the present flow cytometry results correspond 



 43

well to the immunostaining results, as both methods report lowered FAK 
activation.  

Co-culture of β-TC6 and bNCSCs resulted in cadherin and β-
catenin accumulations   
Recent studies have shown that cadherin junctions are strong mediators of β-
cell survival (128) and bNCSC competence (176, 177). We next analyzed 
the microscopic appearance of cadherin junctions in the β-TC6/bNCSC co-
cultures. Cadherin accumulated at the β-TC6/bNCSCs cell junctions, and so 
did β-catenin, the intracellular link between cadherin junctions and the cell 
cytoskeleton. Cadherin and catenin were abundantly presented in β-TC6 
cells when the cells were surrounded by bNCSCs suggesting that β-TC6 
cells form functional cadherin junctions with bNCSCs that fill out the entire 
circumference of the cells.    

We hypothesized that these cadherin junctions are likely to be composed 
of Neuronal-cadherin (N-cadherin) and/or Epithelial-cadherin (E-cadherin), 
as both β-cells and bNCSCs are known to express these homophilic adhesion 
molecules, depending on the developmental stage of the two cell types (127, 
178, 179). Additionally, cadherin junctions between β-cells improve survival 
and function (128), and it is possible that cadherin junctions between β-TC6 
and bNCSCs cells exert similar effects. The cadherin-induced signaling       
pathways that mediate resistance to cell death are probably highly complex 
and context dependent, but studies have reported increased calcium inflow 
(130), decreased β-catenin nuclear translocation (180), and decreased ERK 
phosphorylation (181) as possible down-stream signaling events. 

Inhibition of gap junction activity did not affect co-culture-
induced protection against cytokine-induced β-TC6 cell death. 
Previous study has demonstrated that gap junctions are potential mediators 
of β-cell survival and that connexin 36 in β-cells forms functional gap junc-
tions that protect against cytokine-induced cell death (182) On the other 
hand, it has been reported that NCSCs express connexin43 prior to differen-
tiation into mature cell types (183). To observed effects of gap junction on 
β-TC6/bNCSC co-culture, we performed cell viability determinations on β-
TC6 cultured alone compared with co-culture of β-TC6/bNCSC cells with, 
the gap junction inhibitor, carbenoxolone. We observed that cytokine-
induced β-TC6 cell death was not affected by the gap junction inhibitor, 
neither when β-TC6 cells were cultured alone, nor when β-TC6 cells were 
co-cultured with bNCSCs. These results indicated that putative β-
TC6/NCSC gap junctions do not mediated enhanced β-TC6 cell survival. 
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Paper IV: Neural crest stem cells from hair follicles and 
boundary cap have different effects on pancreatic islets 
in vitro  
 

bNCSCs, but not HF-NCSCs, induced β-cell proliferation in co-
culture 
Our previous studies revealed that bNCSCs induce pancreatic β-cell          
proliferation (184) and enhance β-cell survival in vitro (185) as well as in 
vivo when transplanted together with islets under the kidney capsule (10). 
bNCSC, however,  is a transient population of cells which occurs during the 
early embryonic stages (33, 37); this source of stem cells is unsuitable for a 
viable treatment strategy. From this point, the NCSCs from hair follicles 
would be a good alternative choice since they can be harvested from patient. 
We first analyzed whether hair follicle neural crest stem cells (HF-NCSCs) 
have a migration capacity to form direct cell-to-cell contacts with pancreatic 
islets in co-culture, where NCSCs and islets were prepared from fluorescent 
mice. Microscopic analysis showed that bNCSCs directly migrated to islets 
and stayed in the vicinity of islets from the first day of the culture. In con-
trast, HF-NCSCs randomly dispersed throughout the culture and did not 
migrate towards pancreatic islets. After two days, mutual directed migration 
was found in bNCSCs co-cultured with islets, but not in HF-NCSC-islet co-
cultures. One week after co-culture, bNCSCs completely encompassed is-
lets, whereas contacts between islets and HF-NCSCs remained rare. We, 
next prepared additional migration assay experiments, where a drop of dis-
sociated HF-NCSCs and bNCSCs was placed at a certain distance from the 
islets. Images of the distance between migrating cells and the islets were 
taken and measured. We found that bNCSCs reached the islets in five days, 
while only occasional HF-NCSCs reached the islets at the end of the exper-
iment.  

To further investigate an interaction between NCSCs and pancreatic is-
lets, we placed bNCSCs or HF-NCSCs in direct vicinity of islets. After one 
week of co-culture, cells were fixed and stained for an anti-pan-cadherin 
antibody and Hoechst prior to analyze with a confocal microscope. Pan-
cadherin expression was found in islets cultured with bNCSCs and HF-
NCSCs, but strong cadherin accumulations were detected only between 
bNCSCs and islets. Quantitative real-time PCR analysis showed a high rela-
tive level of E-cadherin expression in islets, but not in bNCSCs or HF-
NCSCs. On the other hand, N-cadherin was abundantly expressed in 
bNCSCs cultured alone and bNCSCs-islet co-cultures, but not in HF-NCSCs 
nor in their islet co-cultures. Moreover, the high expression of N-cadherin in 
bNCSC-islet co-cultures correlated with an increase of β-catenin expression 
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in bNCSC-islet co-cultures compared with HF-NCSC-islet co-cultures. We 
further compared an effect of HF-NCSCs and bNCSCs on β-cell prolifera-
tion. Islets were co-cultured with HF-NCSCs or bNCSCs for one week prior 
to stain with Ki67 antibody. In the presence of bNCSCs, β-cells proliferated 
extensively in accordance with our previous findings (10, 152, 173, 184), 
while no proliferation was detected in islet alone-cultures or in co-cultures of 
HF-NCSCs with islets.  

Our previous studies have shown that direct contacts between bNCSCs 
and β-cells promote β-cell proliferation (184) and survival (173, 185). Even 
though an attractive alternative source of NCSCs for autologous transplanta-
tion is HF-NCSCs, they were unable to establish direct cell-to-cell contacts 
and to form cadherin connections with islets when they were in co-cultured, 
indicating that HF-NCSCs do not spontaneously display the same properties 
as bNCSCs in the presence of islets. Especially, N-cadherin is present in 
high levels in bNCSCs alone as well as in co-culture, whereas it is nearly 
absent in HF-NCSCs and in their co-cultures with islets. The cadherin and 
catenin accumulations were found extensively at the sites of bNCSC/β-cell 
interactions (185). This finding corresponds well with our observations that 
increased expression levels of β-catenin and N-cadherin were found in islet-
bNCSC co-cultures in comparison to islet-cultured alone. These data sug-
gested that cadherin/β-catenin signaling may play a major role in bNCSCs 
induced proliferation of β-cells. 

Recent studies have demonstrated that N-cadherin influences neural cell 
directional migration as well as maintaining progenitor pools (186). Interest-
ingly, N-cadherin is also significant for the functional dynamics of β-cells 
(179), and their viability (128). Thus, the N-cadherin expression patterns in 
this study indicate that islets co-cultured with bNCSCs retain certain charac-
teristics necessary for insulin secretion (179). Moreover, a high level of β-
catenin expression in islet/bNCSC co-cultures reveals the possibility that the 
increased expression level of β-catenin could reflect an increased synthesis 
of β-catenin, resulting in an activation of the Wnt/β-catenin pathway known 
to influence β-cell proliferation as previously described (187).  

In this study we found that NCSCs derived from hair follicles do not 
make direct contacts with the pancreatic islets in contrast to bNCSCs, which 
make them in the present state unsuitable for their potential application in 
clinical therapies. A previous study demonstrated that cadherin junctions 
between bNCSCs and β-cells promote powerful signals that enhance β-cell 
survival (185). We propose that an activation of cadherin expression in HF-
NCSCs may enable these cells to make direct contacts with pancreatic islets 
and thereby acquires positive properties, which are analogous to those of 
bNCSCs.  
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Paper V: Co-culture of insulin producing human 
EndoC-βH1 cells with boundary cap neural crest stem 
cells protects partially against cytokine-induced cell 
death. 

The presence of bNCSCs in co-culture promoted EndoC-βH1cell 
survival and N-cadherin accumulations at the sites of their 
interaction   
Our in vitro studies have indicated that bNCSC has beneficial effects on 
mouse and rat pancreatic β-cells in co-culture, possibly via direct cadherin-
mediated cell-to-cell junctions (173, 185). This finding prompted us to       
investigate whether these positive effects also occur in human β-cells.  Hu-
man EndoC-βH1 cells and murine bNCSCs were plated either alone or to-
gether in co-culture and analyzed for cell death in response to the pro-
inflammatory cytokines IL-1β and IFN-γ. The cells were cultured in RPMI-
1640 since bNCSCs do not survive well in a preferred culture medium for 
EndoC-βH1 cells, low-glucose DMEM (154). During culture in RPMI-1640 
the survival of EndoC-βH1cells was decreased, resulting from increased 
basal cell death rates at >30%. In addition, after pro-inflammatory cytokine 
exposure, EndoC-βH1cell death was further increased when cultured alone. 
Remarkably, EndoC-βH1 cell death at both basal and cytokine-stimulated 
conditions was reduced when EndoC-βH1were co-cultured with bNCSCs. 
This indicates that human β-cells benefit from co-culture with bNCSCs, 
even though the bNCSCs were from mouse. 

Our previous work also showed that cadherin-mediated junctions may be 
crucial for direct cell-to-cell contacts (185). We therefore examined cadherin 
accumulations between murine bNCSCs and human β-cells in co-culture 
using anti N- and E-cadherin antibodies, as β-cells have been reported to 
express these two forms of cadherins (127, 128, 179). We observed that E-
cadherin labeling was found only in EndoC-βH1 cells, while both bNCSCs 
and EndoC-βH1 cells displayed clear N-cadherin signals. Moreover, we 
often detected accumulations of N-cadherin at cell-to-cell junctions between 
EndoC-βH1 cells and bNCSCs, suggesting that mouse bNCSCs and human 
EndoC-βH1 cells can form homophilic N-cadherin junctions, despite the 
species difference. 

We next quantified N- and E-cadherin expression intensity at the plasma 
membrane region of EndoC-βH1cell in co-culture condition. We noticed that 
N-cadherin intensity at EndoC-βH1 plasma membrane were lower in cells 
with no direct contact with bNCSCs. Especially, single EndoC-βH1 cells 
showed very low N-cadherin expression at the plasma membrane, which is      
compatible with the requirement for cell-to-cell contacts for the formation of 
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cadherin accumulation. The expression of E-cadherin, however, was higher 
between β-cells than between EndoC-βH1 cells and bNCSCs. This fits well 
with our observation that E-cadherin accumulation was not observed at   
EndoC-βH1-to-bNCSC junctions.  

To evaluate the fate of bNCSCs after co-culture with EndoC-βH1 cells, 
the co-cultures were stained with an anti-β-tubulin antibody for immature 
neurons, and with an anti-GFAP antibody for glial cells. We observed that 
EndoC-βH1 cells strongly expressed β-tubulin which is consistent with the          
similarities between β-cells and neuronal cells, as previously described 
(188). Within the bNCSC population approximately 40% was β-tubulin 
positive cells, which often extended axon-like extensions typical for imma-
ture neurons, suggesting that differentiating bNCSCs may crucial for protec-
tion of β-cells against cytokine-induced cell death. This finding corresponds 
well with our previous observation that the proliferation of β-cells is mediat-
ed by differentiating rather than mature bNCSCs (184). In contrast to β-
tubulin, GFAP was not expressed in the EndoC-βH1 cells. Instead approxi-
mately 10% of the GFP-positive bNCSC cells exhibited a ramified morphol-
ogy, indicating that they differentiated into Schwann cells and/or astrocytes. 
All of these cells are known to express N-cadherin (189-191) and can there-
fore potentially form N-cadherin junctions with β-cells. However, as the β-
tubulin positive cells are in majority, it is likely that these cells form the bulk 
of the cadherin junctions with EndoC-βH1 cells.  

In summary, we report that the interactions between human insulin-
producing cells and bNCSCs result in a lowered susceptibility of insulin 
producing cells to pro-inflammatory cytokines in vitro. The protective effect 
of bNCSCs might involve the formation of homophilic N-cadherin junc-
tions, as indicated by one preliminary experiment in which a neutralizing N-
cadherin antibody counteracted the effect of co-culture. It has been proposed 
that co-transplantation of islets with bNCSCs will improve transplantation 
outcome by enhancing β-cell proliferation and function (10). The findings of 
this study indicate that bNCSC cells may also dampen the negative effects of 
inflammatory reactions in the vicinity of human β-cells, thereby further  
enhancing the ability of β-cells to survive after transplantation.  
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Conclusion  

To provide a good glycaemic control and insulin independence, pancreatic 
islet transplantation has become an attractive option for treatment in T1D 
patients. However, the result of transplanted islet is disappointed. Post-
transplantation cells and graft failure are likely due to poor growth, hypoxia 
and inflammatory responses. In this work, we highlight the beneficial effects 
of NCSCs on pancreatic β-cells in co-cultures. An understanding of such 
events is crucial for development of new strategies that might improve out-
come of islet transplantation.   

 Firstly, NCSCs induce β-cell proliferation. Co-culture of differentiating 
bNCSCs, but not HF-NCSCs, with pancreatic islets induced β-cell prolifera-
tion, and these proliferating β-cells remained active with regards to insulin 
secretion. Even though bNCSCs and HF-NCSCs have related developmental 
origin, they did not show the same properties.  

Furthermore, bNCSCs promote β-cell survival. Co-cultures of mouse 
bNCSCs with mouse, rat, and human β-cell lines resulted in a lowered sus-
ceptibility of β-cells to pro-inflammatory cytokines. This finding demon-
strated that bNCSCs support β-cell survival by dampening cytokine effects 
in vitro. We further observed that direct contacts between bNCSCs and pan-
creatic β-cells are necessary for enhancing β-cell proliferation and viability, 
indicating that cell-to-cell contacts may play an important role behind these 
positive effects. We therefore studied the interactions between bNCSCs and 
β-cells when they were in co-culture. The results revealed the possibility that 
direct cadherin cell-to-cell contacts are a main player which supports these 
evidences. Thus, increasing cadherin junctions between β-cells and neigh-
boring cells may give an opportunity to improve islet transplantation out-
come.      

In conclusion, co-culture of pancreatic islets or β-cells in the presence of 
bNCSCs promotes β-cell proliferation, viability, and function. This in vitro 
system is a useful model for further investigation of factors and mechanisms 
of interactions needed to drive these processes, which might help to develop 
new strategies for diabetes treatment.   
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Swedish Summary  

Hos patienter med typ-1 diabetes förstörs insulinproducerande celler i de 
Langerhanska öarna i bukspottkörteln, de sk β-cellerna, på grund av anti-
kroppar som patienten själv producerar, sk autoimmunitet. Som en följd av 
detta minskar produktionen av insulin och patienterna behöver livslång insu-
linbehandling. Transplantation av Langerhanska öar är en attraktiv möjlighet 
för behandling av typ-1 diabetes. Den långsiktiga överlevnaden av sådana 
transplantat är dock alltjämt otillfredsställande. Det är därför angeläget att 
utveckla nya vägar för att förbättra överlevnad och långvarig funktion hos 
transplanterade Langerhanska öar. Tidigare experimentella studier från fors-
kargruppen har visat att en specifik grupp av stamceller, sk ”boundary cap 
neural crest stem cells (bNCSC)” från nervlisten som transplanteras tillsam-
mans Langerhanska öar kraftfullt stimulerar såväl nybildning, överlevnad 
som funktion hos β-celler. Mekanismerna bakom dessa positiva effekter har 
dock varit okända. Nervlisten är ett cellförband som sträcker sig från embry-
ots huvud till dess svans och som ger upphov till bland annat cellerna i peri-
fera nervsystemet, hudens pigmentceller och stamceller som finns i våra 
hårsäckar hela livet. Syftet med studierna i avhandlingen är att bättre förstå 
hur bNCSC utövar sina positiva effekter på β-cellers nybildning, överlevnad 
och funktion, och om stamceller från hårsäckar har motsvarande effekter.  

Studierna har genomförts med bNCSC och stamceller från hårsäckar på 
mus. Dessa celler har preparerats och odlats tillsammans med Langerhanska 
öar från mus eller med renodlade β-celler (β-cellslinjer). De inledande studi-
erna visar att de positiva effekterna av bNCSC kräver att dessa celler har 
direkt kontakt med β-cellerna i de samodlade Langerhanska öarna. Det mest 
anmärkningsvärda resultatet av denna studie är att bNCSC stimulerar ny-
bildning av β-celler i en omfattning som inga tidigare experimentella studier 
har kunnat uppvisa. I de fortsatta studierna analyseras huruvida bNCSC kan 
”skydda” β-celler som behandlas med molekyler, cytokiner, som förmedlar 
den autoimmuna process som förstör dessa celler. Studierna visar att bNCSC 
i stor utsträckning skyddar dessa celler från cytokinförmedlad förstöring och 
att denna effekt kräver direkt kontakt mellan bNCSC och  β-celler. Dessa 
resultat visar sig också föreligga för β-celler från människa. I kontaktställen 
mellan bNCSC och β-celler utvecklades ansamlingar av molekylerna cadhe-
rin och β-catenin. Vår hypotes är att dessa molekyler medverkar i att över-
föra signaler från bNCSC till β-celler, som skyddar dessa celler mot cytokin-
förmedlad celldöd. 
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bNCSC finns endast under embryonalutveckligen och är därför svåra att 
utnyttja för medicinsk bruk. Stamceller som finns i våra hårsäckar hela livet 
är släkt med bNCSC och skulle därför kunna vara en källa för transplantat-
ion av patientens egna celler tillsammans med Langerhanska öar eller β-
celler. I studier med stamceller från hårsäckar visar sig emellertid dessa cel-
ler sakna bNCSC förmåga att stimulera nybildning av β-celler. Detta förhål-
lande sammanfaller med att hårsäcksstamcellernas in heller har förmåga att 
bilda cadherinkontakter med β-celler, resultat som stödjer vår hypotes att 
cadherinförmedlad signalering är nödvändig för de positiva effekterna av 
bNCSC på β-celler. 

De sammantagna resultaten av studierna visar således att bNCSC har 
betydande positiva effekter på nybildning, överlevnad och funktion av insu-
linproducerande β-celler och att dessa effekter kan vara unika för denna typ 
av stamceller. Fortsatta studier av mekanismerna bakom dessa effekter kan 
bidra till förbättrad behandling med transplantation av Langerhanska öar till 
patienter med typ-1 diabetes.  
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