1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.

-, HHS Public Access
«

Published in final edited form as:
Mol Aspects Med. 2015 April ; 42: 78-90. doi:10.1016/j.mam.2015.01.005.

Development, growth and maintenance of p-cell mass: Models
are also part of the story

Anmar Khadral and Santiago Schnell2:34*

1Department of Physiology, McGill University, Mcintyre Medical Building, 3655 Promenade Sir
William Osler, Montreal, Quebec, Canada H3G 1Y6

2Department of Molecular & Integrative Physiology, University of Michigan Medical School, Ann
Arbor, Michigan 48105, USA

3Department of Computational Medicine & Bioinformatics, University of Michigan Medical School,
Ann Arbor, Michigan 48105, USA

4Brehm Center for Diabetes Research, University of Michigan Medical School, Ann Arbor,
Michigan 48105, USA

Abstract

Pancreatic p-cells in the islets of Langerhans play a crucial role in regulating glucose homeostasis
in the circulation. Loss of f-cell mass or function due to environmental, genetic and
immunological factors leads to the manifestation of diabetes mellitus. The mechanisms regulating
the dynamics of pancreatic 3-cell mass during normal development and diabetes progression are
complex. To fully unravel such complexity, experimental and clinical approaches need to be
combined with mathematical and computational models. In the natural sciences, mathematical and
computational models have aided the identification of key mechanisms underlying the behavior of
systems comprising multiple interacting components. A number of mathematical and
computational models have been proposed to explain the development, growth and death of
pancreatic B-cells. In this review, we discuss some of these models and how their predictions
provide novel insight into the mechanisms controlling f-cell mass during normal development and
diabetes progression. Lastly, we discuss a handful of the major open questions in the field.
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1. Introduction

Fluctuations in the level of glucose concentration caused by food intake or physical activity
occur continuously in the body. Glucose homeostatic regulation by insulin maintains a stable
and normal level of glucose in the blood and is considered a fundamental aspect of a healthy
metabolic condition. In the islets of Langerhans, pancreatic 3-cells are at the core of this
regulatory mechanism by secreting insulin upon metabolic demand to keep glucose
concentration within a narrow range (Bonner-Weir, 1994), which makes insulin and glucose
dynamics largely correlated with -cell mass (Larsen et al., 2003). Besides insulin and
glucose, other factors and hormones are also involved in controlling the activity of
pancreatic B-cells, such as glucagon, somatostatin and ghrelin. These hormones are secreted
by a-, 8- and e-cells, which are also located in the islets of Langerhans (Kim et al., 2009).
The islets also have the pancreatic polypeptide-secreting PP cells and other non-endocrine
cell types (e.g. endothelial cells), which are important for pancreatic g-cell activity. All of
these factors generate a very complex network of negative and positive feedbacks that
govern B-cell activities.

The B-cell mass regulation is a highly complex developmental and physiological system. Its
development and homeostasis is regulated by numerous variables and parameters in
different hierarchical layers of spatial and temporal organization. Excellent reviews of the
molecular regulation of early pancreatic development and B-cell differentiation, proliferation
and apoptosis are available in the literature (Ackermann and Gannon, 2007; Bonner-Weir et
al., 2012; Elghazi and Bernal-Mizrachi, 2009; Kulkarni et al., 2012; Weir et al., 2013; Yesil
and Lammert, 2008). These reviews are primarily focused on the experimental and clinical
work on B-cell mass development and homeostasis.

The complexity of the 3-cell mass regulation can be unraveled by combining experimental
and theoretical tools, which have the potential to analyze a complex web of interactions and
feedback loops. A combination of experimental, mathematical and computational analyses
has been very successful in providing novel insights to understand the mechanisms
regulating stimulus-secretion coupling in pancreatic p-cells (Bertram and Sherman, 2000;
Bertram et al., 2007; Sherman, 1996). The mathematical and computational modeling of
glucose homeostasis, diabetes and its associated complications is rapidly growing.
Currently, a few models exist that are used to design treatment protocols for diabetic
patients, some of which have been recently reviewed in the literature (Ajmera et al., 2013;
Nyman et al., 2012). In this review, we provide an overview of the complex hierarchical
organization of the B-cell mass and its development, and describe some of the contributions
made by mathematical and computational models to understand the mechanisms controlling
the development and homeostasis of -cell mass.

2. The total pancreatic p-cell mass is the result of a balance between

neogenesis, proliferation and apoptosis during normal development

Like any other cell population, the net growth rate of p-cells is determined by the three
developmental factors: B-cell neogenesis, p-cell replication and p-cell death (Bonner-Weir,
2001; Bonner-Weir and Sharma, 2002; Lee and Nielsen, 2009) (Figure 1). $-cell neogenesis
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can occur from stem or progenitor cells during embryonic or postnatal growth. Stem or
progenitor cells can arise from diverse locations such as pancreatic ducts, islets and bone
marrow. There are other mechanisms of neogenesis, which include trans-differentiation of
pancreatic acinar and liver cells, differentiation of intra-islet precursors or splenocytes,
epithelial-mesenchymal transition (Gershengorn et al., 2004; Lipsett and Finegood, 2002;
Sapir et al., 2005), and induced genetic reprogramming of adult exocrine cells to functional
B-cells (Zhou et al., 2011). During normal development, progenitors of B-cells receive
multiple simultaneous signals: some are mitogenic and others induce differentiation
(Dhawan et al., 2007). External signals need to be interpreted through cellular signaling
pathways to commit the progenitor cell either to the mitotic cell cycle or to abrogate it for
differentiation. Understanding the regulation of these signals and the external modulation of
transcription factors involved in these processes is essential for determining the outcome of
cellular (re)programming of B-cells progenitors in healthy and pathological conditions.

Finegood et al. (Finegood et al., 1995) described the dynamics of beta-cell mass growth in
wild type rats with a mathematical expression governing p-cell neogenesis, -cell replication
and apoptosis. By quantifying the difference in net growth and apoptosis in B-cells, it was
discovered in this study that these cells exhibit a wave of B-cell apoptosis in neonates.
During the fetal period, it is generally accepted that -cells are formed by neogenesis
(Finegood et al., 1995), although quantifying the differentiation of p-cell precursors is
difficult (Wang et al., 1994; Xu et al., 1999). After birth, pancreatic 3-cells are formed via
replication of mature beta-cells rather than neogenesis (Dor et al., 2004; Finegood et al.,
1995; Montanya et al., 2000; Teta et al., 2007), though replication is generally very slow in
adults (Teta et al., 2005). The mathematical model by Finegood et al. adopts p-cell
proliferation terms declining with age, which is supported by developmental or regeneration
studies in mice, rats, pigs and humans (Bock et al., 2003; Hanley et al., 2010; Rankin and
Kushner, 2009; Tschen et al., 2009). Interestingly, the model proposed by Finegood et al.
predicts -cell apoptosis to peak around 10-17 (postnatal) days in the rat, significantly
affecting the net growth rate of the p-cell population during normal development.

Manesso et al. (Manesso et al., 2009) developed a model with three elements: 3-cell
replication of existing p-cells, B-cell production from other sources and p-cells lost through
f-cell apoptosis. This model is similar to the one proposed by Finegood et al. (Finegood et
al., 1995), and it was used to investigate whether p-cell formation is derived exclusively
from B-cell replication or significantly affected by other sources of p-cells during the adult
phases of rat development. They showed that the formation and maintenance of adult p-cells
depends largely (~80%) on sources of B-cells independent from -cell duplication. It is
plausible that B-cells arise from either a single source, such as differentiation from a
pancreatic stem cell pool (Bernard et al., 1999; Noguchi et al., 2006; Zulewski et al., 2001),
or from several sources.

2.1. Modeling the complex gene regulatory network modulating p-cell and other pancreatic
cell neogenesis

The neogenesis of pancreatic cells from stem cells or other differentiated cells occurs via
differentiation or trans-differentiation controlled by the modulation of key transcription
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factors via a gene regulatory network with multiple interacting feedback loops (Dhawan et
al., 2007). To understand the complex feedback mechanisms underlying control of cell fate
in this network, Zhou et al. (Zhou et al., 2011) developed a large scale mathematical model
of ordinary differential equations, which captures gene expression patterns to produce 3-, &-,
a~cells and exocrine pancreatic cells (see, Figure 2). The model predicts gene perturbation
resulting in lineage reprogramming of pancreatic cells, such as the generation of -cells. For
example, the model shows that a paired box gene 4 (Pax4) knockout suppresses - or 5-cells
programming, whereas the prevalent expression of the transcription factor Brain 4 (Brn4)
suppresses a-cells but leaves B- or 5-cell development unaffected.

The discovery of Notch signaling in the cell fate decision of multi-potent pancreatic
progenitor cells between the exocrine and endocrine lineages (Apelqvist et al., 1999) led to
the development of simple gene regulation network and cell-cell interaction models by de
Back et al. (de Back et al., 2013a; de Back et al., 2013b). They proposed mathematical
models that combine gene regulation with two contact-mediated signaling mechanisms:
lateral inhibition and lateral stabilization. In the models, de Back et al. (de Back et al.,
2013a; de Back et al., 2013b) assume that pro-endocrine cells laterally inhibit via Notch
signaling endocrine specification of their neighboring cells, forcing them into an exocrine
fate. They also assume that exocrine pancreas cells laterally stabilize cell fate of neighboring
exocrine pancreas cells via cell-cell contact. Notch lateral inhibition induces regular patterns
of cells in a tissue (Collier et al., 1996). As a consequence, de Back et al.'s model (de Back
et al., 2013b) predicts several potential patterns of scattered endocrine cells. In this model,
the strength of lateral stabilization modulates endocrine-to-exocrine cell-type ratio. de Back
et al. (de Back et al., 2013a) also suggest that a loss of lateral inhibition induces the direct
transdifferentiation from acinar to islet cells and affects cell density as well as the size and
structure of cellular aggregates in the pancreas. These models suggest a potential role for
lateral stabilization in the modulation of lineage specification, as well as a role for cellular
spatial patterning during pancreas development. However, these predictions need
experimental validation..

2.2. B-cells longevity, B-cell turnover and the development of type 2 diabetes

B-cell longevity affects f-cell turnover and could play a role in the development and
progression of type 2 diabetes (Manesso et al., 2011; Manesso et al., 2009). Although
mathematical models of -cell mass have provided novel insights into the role of B-cell
neogenesis, replication and apoptosis, it remains unclear how the molecular, biochemical
and cellular mechanisms controlling -cell longevity cause the decline in -cell proliferation
or net growth. In mathematical biology, the time-dependent decline in the net growth of a
cellular population or organism is generally described with density-dependent population
growth models. In those models, the net growth rate is a phenomenological monotonic
decreasing function driven by the number of cells or organisms in the population. The
decrease in the net growth could be the result of multiple factors in cellular populations,
such as cell-cell contact proliferation inhibition, or depletion of food, oxygen or space.
These and other density-dependent mechanisms of B-cell growth could be further
investigated with mathematical models and provide novel insights into the factors fueling p-
cell proliferation to restore glucose homeostatic regulation in diabetes patients.
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It is known that B-cell functionality changes with age, and these changes could be
responsible for the progression of type 2 diabetes. For example, insulin secretion in healthy
humans decreases with age (Basu et al., 2003). This decrease in functionality could be
controlled by different factors, such as insulin/IGF-I signaling (Gems and Partridge, 2008),
free radicals (Schulz et al., 2007) and decrease in mitochondrial function (Bonawitz and
Shadel, 2007). Interestingly, Cnop et al. (Cnop et al., 2010) found that there is no difference
in the lifespan of -cells from healthy, type 2 diabetic and obese subjects by quantifying
lipofuscin accumulation and building a three-dimensional computational model of
lipofuscin-containing B-cells. In contrast, Manesso et al. (Manesso et al., 2011) reported that
the lifespan of pB-cells in 10-month old human islet-amyloid-polypeptide transgenic rats was
5 months shorter than that of nondiabetic controls, with the former possessing an average
lifespan of 1 month. Manesso et al. (Manesso et al., 2011) calculated the mean B-cell age
and lifespan using the classical McKendrick-von Foester equation (Caswell, 2001) that
describes the age-based heterogeneity of B-cells in terms of the time-varying -cell net
growth model previously developed by the same group (Manesso et al., 2009). The shorter
lifespan of B-cells could be one of the causes of the decrease in -cell mass observed animal
models and patients with type 2 diabetes.

2.3. Changing in p-cell mass during the progression of type 1 diabetes

Pechhold et al. (Pechhold et al., 2009) systematically studied p-cell mass during the
progression of type 1 diabetes using flow cytometry and quantitative techniques in
pancreatic islet single cell suspensions from NOD mice and experimental autoantigen-
specific diabetes EAD mice. They found that $-cell proliferation rapidly increases at
diabetes onset in NOD and EAD mice, and that this proliferation is closely correlated with
their elevated blood glucose level. Interestingly, treating these animal models with
exogenous insulin or islet transplantation to restore normoglycemia was shown to bring the
f-cell proliferation rate back to its original value observed in control animals.

The situation is different, however, for adult non-human primates (vervet monkeys)
administered with type 1 diabetes-inducing streptozotocin, an agent that is toxic to -cells.
Using the p-cell mass model in Manesso et al. (Manesso et al., 2009), Saisho et al. (Saisho et
al., 2009) showed that while ~80% of new B-cells in non-streptozotocin treated monkeys are
primarily formed from neogenesis rather than replication, the streptozotocin-treated
monkeys display no increase in B-cell turnover (neogenesis and apoptosis). In other words,
f3-cell formation is minimal in streptozotocin-induced diabetes, despite marked
hyperglycemia.

These contradictory results could be due to the specific nature of the animal models.
Additional research needs to be carried out to clarify the observed differences between the
above animal models.

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



Khadra and Schnell Page 6

3. Pancreatic p-cell replication and mass is regulated by a compensatory
response to signals and metabolism

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Multiple sources of experimental evidence from rodents suggest that pancreatic -cells
replicate in response to metabolic changes. In both the adult rat and mouse, p-cell replication
can be induced with a high-fat diet (Tschen et al., 2009) or multiple-day glucose infusion
(Alonso et al., 2007; Bonner-Weir et al., 1989). Pancreatic p-cells also replicate more
quickly in certain physiological conditions, as this has been observed during the progression
of pregnancy (Parsons et al., 1992) and obesity (Butler et al., 2003; Pick et al., 1998). This
experimental data suggests that -cells have a compensatory response to increased insulin
requirements in mice (Alonso et al., 2007; Tschen et al., 2009) and rats (Lee et al., 1989). In
fact, data collected from the MING insulin secreting cell-line reveal that insulin secretion, in
response to elevated glucose, may exert autocrine effects via the PI-3K pathway to protect
against apoptosis and stimulate proliferation (Muller et al., 2006). These results have
motivated the development of mathematical models to evaluate and quantify the
interaction(s) of B-cell mass with glucose and insulin.

3.1. Modeling the relationship between B-cell mass, insulin and glucose

Extensive studies have been carried out to examine and quantify the effects of glucose and
insulin on the dynamics of B-cell number and mass using mathematical models (Szabat et
al., 2012). Lipsett and Finegood (Lipsett and Finegood, 2002) showed that neogenesis is
crucial for B-cell expansion during prolonged hyperglycemia using a mathematical model
coupling B-cell mass, replication, and size (each quantified either indirectly, using surrogate
measures, or directly, using markers for apoptosis and replication, in animal models). More
complex mathematical models coupling p-cell mass, insulin and glucose (known as IG
models) have been proposed to investigate how B-cell mass is affected by insulin and
glucose levels (Topp et al., 2000; Topp et al., 2004; Topp et al., 2007; Wang et al., 2012). In
these models, B-cell mass can attain two steady-states: a healthy and functional level of 3-
cell mass, and a pathological one in which the mass is below a critical threshold (Topp et al.,
2000). The models also predict that the B-cell mass depends not only on the overall glycemic
load (Topp et al., 2000), but also on the glycemic load dynamics (Wang et al., 2012): p-cell
mass is negatively affected by largely fluctuating glycemic loads, while 3-cell mass is not
affected by “constant glycemic infusion”. In the case of prolonged glycemic load, Topp et
al. (Topp et al., 2000) showed that moderate hyperglycemia induces growth in 3-cell mass
by shifting the mass towards the healthy steady state, whereas extreme hyperglycemia leads
to a reduction in B-cell mass towards the pathological steady state or by progressively
elevating glucose at a rate that the p-cell mass cannot handle efficiently.

Some of these results have been confirmed experimentally by analyzing cross-sectional
images of pancreata of male Sprague Dawley rats infused with either saline or 50% glucose
(2 mi/h) for 0-6 days (Lipsett and Finegood, 2002). Rat pancreata infused with glucose show
an increase in the density of B-cell neogenic focal areas (peaking at day 3) and a reduction in
the replication of duct-cells in comparison to rat pancreata infused with saline solution. This
result suggests that there is an increase in acinar-cell transdifferentiation and
dedifferentiation to increase pB-cell mass. Interestingly, although the duct associated p-cell

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khadra and Schnell

Page 7

mass was shown to be roughly the same in both groups, a 70%-increase in the number of
acinar-associated single B-cells was observed after 3-4 days of glucose infusion.

The direct effect of glucose on the dynamics of B-cell mass was also analyzed quantitatively
by developing a compartmental model coupling insulin storage and glucose regulation with
the slow dynamics of B-cell cycle (Gallenberger et al., 2012). In this model, glucose is
assumed to stimulate the transition from the G to the S phase of the cell cycle, which is an
important checkpoint in B-cell replication (Cozar-Castellano et al., 2006; Cozar-Castellano
et al., 2008). Given that insulin metabolizes glucose, we would expect insulin to affect B-cell
cycle indirectly in this model. Gallenberger et al.'s (Gallenberger et al., 2012) model
reconfirms the observed f-cell mass adaptability to metabolic demand, but it cannot explain
how insulin induces anti-apoptotic signal in 3-cells (Johnson et al., 2006). The balance
between cell cycle replication and -cell mass, and how it is affected by moderate and
prolonged hyperglycemia, remains an open question that can be investigated quantitatively.

3.2. Modeling cellular signals regulating B-cell mass

In mice, B-cell replication has been induced by intracellular factors, such as Akt (Fatrai et
al., 2006), or extracellular growth factors like incretin (Drucker, 2006), lactogen (Vasavada
et al., 2000), glucagon-like peptide 1 (Buteau et al., 2003) and growth hormone (Liu et al.,
2004). Recently a new hormone, betatrophin, has been discovered to play an important role
in B-cell replication in mice. The transient expression of betatrophin in mouse liver and fat
tissue specifically promotes pancreatic p-cell proliferation and expands functional -cell
mass (Yi et al., 2013).

Cyclin-dependent kinases activation, particularly Cdk4, could be one of the potential
molecular mechanisms regulating B-cell growth by cellular and metabolic signals, such as
betatrophin or glucose (see, Figure 3). Cdk4 promotes the S-phase of the cell cycle and
mitosis in B-cells by phosphorylating and inhibiting retinoblastoma protein, which
sequesters E2F transcription factors and chromatin modifiers critical for G1/S transition
(Lee et al., 2010). The lack of Cdk4 in mice has been shown to cause B-cell hypoplasia and
diabetes (Cozar-Castellano et al., 2006). By using DNA analog-based lineage-tracing
methods and developing a p-cell growth mathematical model that takes into account
dormant (quiescent) and active (proliferative) cells, Lee et al. (Lee et al., 2010) showed that
Cdk4 promotes p-cell replication by activating the cell cycle in dormant cells and facilitates
the activation of B-cell progenitors in the ductal epithelium, with a larger contribution from
the latter in the total increase of insulin-positive cells. Lee's mathematical model shows that
the proliferation of islet - and ductal epithelial cells is considerably induced one week after
partial pancreatectomy in Cdk4R24C/R24C mytant mice, and the expression level of
pancreatic and duodenal homeobox 1, a transcription factor necessary for pancreatic
development and B-cell maturation, is increased 1 to 2 days post—partial pancreatectomy.

Lee's model is one of the first attempts to understand how cellular signals induce p-cell
proliferation. As we begin to understand the role of other cellular and metabolic signals, the
models discussed in this section can be extended to investigate the role of complex signaling
networks in the regulation of p-cell mass.
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3.3. Models of B-cell mass reduction in type 1 and type 2 diabetes

Ribbing et al. (Ribbing et al., 2010) proposed a semi-mechanistic population
pharmacokinetic model incorporating fasting plasma glucose, fasting insulin, insulin
sensitivity, and B-cell mass to investigate the mechanisms of -cell mass reduction in type 2
diabetes patients. The model was developed using data from 3 clinical trials (phase 11/111)
with tesaglitazar, a peroxisome proliferator-activated receptor agonist. The 3-cell mass,
insulin and glucose dynamics is governed with an extended version of the fIG model
previously developed by Topp et al. (Topp et al., 2000), which we discussed in Section 3.1.
Ribbing et al.'s (Ribbing et al., 2010) model predicts 40% to 60% lower B-cell mass in type 2
diabetes patients (suggesting a significant decrease or insufficiency in insulin secretion), and
realistic improvements of 3-cell mass and insulin sensitivity with treatment.

Similar results have also been reported in animal models of type 2 diabetes, such as the male
leptin-receptor deficient fa/fa zucker diabetic fatty rats and the human islet-amyloid-
polypeptide transgenic rats (Finegood et al., 2001; Manesso et al., 2009). Obese fa/fa rats
display a disruption in islet architecture, $-cell degranulation and 51% loss in B-cell mass by
postnatal 8-12 week. These effects are reversible with an early thiazolidinediones
intervention or rosiglitazone treatment (both of which are medications for treating type 2
diabetes) starting at postnatal week 6. Finegood et al. (Finegood et al., 2001) discovered that
f3-cell replication rate in obese fa/fa rats is ~47-68% below the wild-type rat baseline by
postnatal week 12 using their model of B-cell mass net growth, which we presented in
Section 2. Treating obese fa/fa rats for 10 weeks with rosiglitazone increases the 3-cell
replication rate. The model also shows that the net -cell loss in obese fa/fa rats is 5-fold
higher than that of rats treated with rosiglitazone for 6 weeks.

In an attempt to unravel the mechanisms governing the adaptations to obesity in the
normoglycemic animals, and the failure of adaptation in the animals that develop diabetes,
Topp et al. (Topp et al., 2007) used quantitative morphometry analysis combined with their
BIG model (Topp et al., 2000). They compared two groups: (1) male zucker fatty and lower-
fat-fed female zucker diabetic fatty rats, which are obese but normoglycemic, and (2) male
zucker diabetic fatty and high-fat-fed female zucker diabetic fatty rats, which are also obese
but develop diabetes between 7 and 10 weeks of age. Rats in group (1) exhibit an increase in
B-cell mass and a constant level of B-cell secretory capacity in response to a falling insulin
sensitivity, whereas rats in group (2) exhibit a greater reduction in insulin sensitivity and a
slower expansion in B-cell mass with constant 3-cell secretory capacity. Taken together,
these results suggest that a net increase in -cell death (Finegood et al., 2001), excessive
insulin resistance and insufficient -cell mass adaptation play a significant role in the
pathogenesis of type 2 diabetes (Topp et al., 2000).

The role of blood-glucose in the regulation of B-cell proliferation remains largely unexplored
during the progression of type 1 diabetes, because most of the biomedical efforts are
considered futile in the face of continued autoimmune-mediated destruction. The
inflammatory infiltrate within the pancreatic islets and the scarcity of residual -cells at
disease onset are two technical problems that severely compromise the microscope-based
analysis of B-cell numbers and phenotype, and limit the scope of such studies. Therefore, it
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is unclear at this point whether residual f-cells at disease onset are capable of responding to
signals known to stimulate their expansion and regeneration under various conditions.

Other intracellular processes involved in B-cell loss during type 1 and type 2 diabetes, such
as proinsulin misfolding, islet amyloid polypeptide misfolding and aggregation in $-cells, as
well as endoplasmic reticulum stress (Atkinson et al., 2011; Donath et al., 2005; O'Sullivan-
Murphy and Urano, 2012; Sun et al., 2015; Westermark et al., 2011), have also been
analyzed and quantified mathematically (Sandefur and Schnell, 2011; Schnell, 2009). For
example, Bailey et al. (Bailey et al., 2011) used a mass-action kinetic model of aggregation
pathway to show that the reaction scheme for the formation of insoluble cytotoxic amyloid
plaques from misfolded islet amyloid polypeptide must follow a specific nucleation and
elongation pattern to generate outcomes consistent with experimental data. They also
suggest interventional therapies, involving changes in the rates of fibril elongation or
nucleation, to affect the accumulation of this cytotoxic oligomer species. Schnell (Schnell,
2009) proposed a model of the unfolded protein response to investigate the influence of the
endoplasmic reticulum associated folding and degradation fluxes during the activation of
endoplasmic reticulum stress in B-cells. Jaberi-Douraki et al. (Jaberi-Douraki et al., 2014)
expanded this model to study the role of endoplasmic reticulum stress in type 1 diabetes.
They tested the hypothesis that autoimmune destruction of B-cells causes an increase in
endoplasmic reticulum stress in surviving -cells (by forcing them to synthesize and secrete
defective insulin), which in turn induces the unfolded protein response in these cells to
restore protein homeostasis and normal insulin synthesis (Atkinson et al., 2011).
Specifically, a differential equation model that combines macroscopically the autoimmune
destruction of p-cells (B-cell homicide) with endoplasmic reticulum stress induced apoptosis
(B-cell suicide) (Bottazzo, 1986) was used to achieve this. The study showed that the
unfolded protein response may not be a successful therapeutic target to treat type 1 diabetes
because of the dominance of -cell “homicide”.

4. Islets have an optimal functional size and architecture

The islets exhibit a unique architecture governed by insulin-secreting -cells, glucagon-
secreting a-cells, somatostatin-secreting 6-cells, ghrelin-secreting e-cells, pancreatic
polypeptide-secreting PP cells and other non-endocrine cell types, such as endothelial cells
(Kim et al., 2009). Immune cells, particularly macrophages, are also involved in the
morphogenesis of the pancreas (Homo-Delarche and Drexhage, 2004). Islets range in size
from small clusters of approximately 10 cells to large clusters comprised of several thousand
endocrine cells (Jo et al., 2011b). While B-cell mass in healthy mammals is proportional to
body weight, the large range of islet sizes appears similar between species and independent
of body size, suggesting the existence of an optimal functional size (Jo et al., 2012). At this
point, it is not fully understood how islets reach particular sizes during development. In
addition, it is unclear how the islet size changes under distinct physiological (pregnancy and
aging) and pathological (obesity and diabetes) conditions.

Islet size determines islet-architecture, especially in humans (Kilimnik et al., 2012). There
are differences in cytoarchitectural composition of islets between species (Brissova et al.,
2005; Cabrera et al., 2006). For example, rodent islets possess organized structure: -cells
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localized predominately in the center and a- and 8-cells in the periphery (Kim et al., 2009;
Sujatha et al., 2004). In primates, a-cells are scattered throughout the islets and intertwined
with B-cells (Brissova et al., 2005; Cabrera et al., 2006), while in other species (such as dogs
and pigs) islet structures are intermediates between those of rodents and primates
(Wieczorek et al., 1998). Cabrera et al. (Cabrera et al., 2006) suggest that these differences
in islet architecture have implications on -cell function, which can make them responsive to
a low concentration of glucose (1 mM) in primates and non-responsive to such concentration
in rodents.

In humans, on the other hand, no differences are observed in islet distribution/density
between the head and body regions of the pancreas, but the islet distribution/density is 2-fold
higher in the tail (Wang et al., 2013). In contrast to rodents, human islet cellular composition
and architecture are similar throughout the pancreas, making glucose-stimulated insulin
secretion from isolated islets in different regions of the pancreas roughly the same (Wang et
al., 2013).

Cross-sectional, large-scale imaging and unbiased quantitative studies of islet size
distributions have been conducted to determine the underlying mechanisms regulating the
development and formation of these islets in mice and rats (Jo et al., 2012; Miller et al.,
2009). As it is difficult to capture the islet architecture developmental dynamics in situ with
experiments alone, mathematical and computational modeling has become an attractive tool
to investigate islet growth and its pattern formation mechanisms.

4.1. A branching cell proliferation model can explain the size distribution of islets

Jo etal. (Jo etal., 2007) provided the theoretical foundations to investigate islet cell
proliferation by implementing a branching cell division model with coherent proliferation.
Cells replicate with a probability A, and do not replicate with the complementary probability
(1- )) (Figure 4A). In the model, \ corresponds to the net growth probability, which takes
into account the average proliferation and apoptosis rates. The model assumes that islet
neogenesis is negligible after certain developmental stage, and islet growth is a random
process in which cells within the same islet proliferate with identical rate regardless of islet
size.

The model by Jo et al. (Jo et al., 2007) and its successors (Jo et al., 2011a; Kang et al., 2008)
reveals that islet development follows a lognormal or Weibull distribution of the islet sizes
with the peak size of ~100 cells, depending on whether cells in an islet proliferate
cohesively or independently. This result was confirmed experimentally by tagging pB-cells in
transgenic mice with a fluorescent protein to monitor and quantify islet growth and
development (Miller et al., 2009). In addition, Miller et al. (Miller et al., 2009) discovered
that long stretches of interconnected islets are located along large blood vessels in the
neonatal pancreas. They hypothesize that the elongated islet structures spanned by a-cells
are sites of (random) fission that facilitates the eventual formation of new islets. Miller et al.
(Miller et al., 2009) also propose that the proliferation of endocrine cells (including p-cells)
is contiguous, forming branched cordlike and nonspherical structures in both embryos and
neonates within which p-cell differentiation occurs (Hara et al., 2006). They further suggest
that subsequent p-cell expansion within these islets may still occur, resulting in an increased
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islet volume and the formation of spherically shaped islets. Interestingly, Miller et al. (Miller
et al., 2009) predicted that the lognormal probability density function deviates leftward at
postnatal day 10, indicating a regression in the number of elongated structures by fission
events.

4.2. Islet size development is a balance of small islets expansion and larger islets fission

A coherent proliferation model of islet cells cannot explain the deviations in size distribution
of islets observed during mice postnatal development. Following the islet fission prediction
made by Miller et al. (Miller et al., 2009), Jo et al. (Jo et al., 2011b) proposed a
mathematical model for islet development, which incorporates three variables: islet birth,
growth and fission. In the model new islets appear with a birth rate, then grow (by
proliferative or neogenesis expansion) and break (by fission) with rates depending on the
islet size (see, Figure 4B). The model was tested with imaging data from an intact mouse
pancreas from birth to eight months (Jo et al., 2011b). It predicts that smaller islets are more
prone to growth than larger islets. Large interconnected islet-like structures divide by fission
actively at approximately three weeks of age, resulting in a tight range of islet sizes with a
lognormal distribution as reported previously (Jo et al., 2007; Miller et al., 2009). After 4
weeks of postnatal development, islet formation becomes dormant and adult p-cell
proliferation is low in all islets.

The predictions made by the islet birth, growth and fission model are not in full agreement
with another quantitative-stereological study of postnatal islet and -cell expansion in mice
(Herbach et al., 2011). This study reported that the absolute number and total volume of
both islets and B-cells increase significantly in mice after birth, reaching a steady state at
postnatal day 90. There is a pronounced increase in the mean islet volume between postnatal
days 10 and 45 that is accompanied by a decline in the number of proliferating -cells from
postnatal day 10. The study also showed that the diabetic dominant negative glucose-
dependent insulinotropic polypeptide receptor transgenic mice exhibit a reduction in the
numbers of islets and -cells starting from postnatal day 10, as well as a decrease in islet
neogenesis. No differences in early islet-cell proliferation and apoptosis were observed
between the control and transgenic mice. Interestingly, Jo et al. (Jo et al., 2007) found that
most islets at steady-state are bigger than the expected minimal size of ~10 cells necessary
for stable synchronization of bursting p-cells through electrical gap-junction coupling (Meda
et al., 1986), which plateaus beyond the critical size of ~100 cells.

4.3. The cytoarchitecture of islets coordinates B-cell function

Nittala et al. (Nittala et al., 2007) compared the functional role of the islet cytoarchitecture
electrophysiologically by implementing mathematical models, which look at the functional
characteristics of B-cell clusters, such as the fraction of cells able to burst, the
synchronization of bursting B cells, the bursting period, the plateau fraction, and the
amplitude of intracellular calcium oscillation. They found that the hexagonal closest packing
cluster is the only cellular arrangement able to correctly model intercellular coupling and
burst synchronization of (3 cells in each islet. The hexagonal closest packing cluster is a close
approximation of the B-cell arrangement in islets (Hellman et al., 2009). It also captures the
degree of intercellular coupling composed of three parameters: -cell cluster size, the
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number of intercellular couplings each j cell has, and the inter-f cell gap junctional coupling
strength. The hexagonal closest packing cluster is implemented with a computational
algorithm, which models the structure of an islet in three dimensions (see Figure 5).

The study also confirmed that most of the islets at steady-state are bigger than the expected
minimal size of ~10 cells necessary for stable synchronization of bursting p-cells through
electrical gap-junction coupling by using a hexagonal closest packing cell cluster model for
the islets cytoarchitecture (Nittala et al., 2007). They reported that the ideal plateauing
fraction occurs when the number of B-cells in the cluster is ~100, the number of inter-p-cell
couplings of each B-cell is 6 and the coupling strength is ~200 pS. According to their model,
a 70%-loss in B-cells does not affect synchronized bursting behavior, which reflects the non-
linear hyperbolic nature of the islet cytoarchitecture (Nittala and Wang, 2008).

4.3.1. The cytoarchitecture of islets in type 1 and type 2 diabetes—During the
progression of type 1 diabetes, the -cell attrition disrupts pancreatic islet anatomy, leading
to the impairment of the integrity of B-cell connectivity and synchrony achieved by gap-
junctional coupling (Meda et al., 1986). Stamper et al. (Stamper et al., 2014) analyze the
islet cytoarchitecture during the progression of type 1 diabetes using a hexagonal closest
packing cluster model. In their model, they assume that B-cells occupy 50-70% of the human
islets, whereas a- and 8-cells that lack the electrical connectivity to -cells occupy the rest.
The increase of a- and 8-cells in the islets reduces the number of cells available for gap-
junctional coupling, leading to a reduction in the site open probability for coupling within
this type 1 diabetes hexagonal closest packing cluster model. They found that a 70% loss in
j-cells during the progression of type 1 diabetes is sufficient to drop the site open
probability below the critical threshold essential to maintain synchrony between bursting -
cells. They also found that there is a transient phase of islet functional recovery after type 1
diabetes onset and insulin-treatment, which could explain the honeymoon phenomenon
during treatment.

Stamper et al.'s (Stamper et al., 2014) findings are in agreement with earlier quantitative
stochastic simulations using a Hodgkin-Huxley type model of a three-dimensional cellular
cluster of mouse p-cells coupled by gap-junctions (Sherman and Rinzel, 1991). Sherman and
Rinzel's (Sherman and Rinzel, 1991) model incorporates the progressive damage of p-cells
following a pattern similar to that found during type 1 diabetes progression (Portuesi et al.,
2013). They found that the cluster model can maintain robust dynamics with regular calcium
oscillations (an essential ingredient for effective insulin release), even after 69% loss in 3-
cells. In contrast, at higher percentages of B-cell loss, calcium oscillations are completely
abolished in the model, which supports de Vries and Sherman's (De Vries and Sherman,
2000) observation that bursting in B-cells scales up with cluster size.

In type 2 diabetes patients, there are changes in endocrine cell mass (including p-cells)
occurring in large islets of (cadaveric) pancreatic sections (Kilimnik et al., 2011), especially
in the head regions of the pancreas (Wang et al., 2013). In fact, large islets (>60 mm in
diameter) are preferentially lost in type 2 patients when compared to non-diabetic subjects.
Joetal. (Jo et al., 2013) found that the B-cell fraction in large islets decreases whereas a-cell
fraction increases in type 2 diabetes patients. Interestingly, the individual total cell area of
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both types of cells is decreased for these patients. Jo et al. (Jo et al., 2013) obtained these
results by combining immunohistochemical and imaging methods with semi-automated
mathematical analysis based on constructing (random and regular) network models of a-
and B-cells to quantify cellular arrangement in islets and calculate the probabilities of
contact between both cell types.

4.4. The cytoarchitecture of islets coordinates interactions between p-, a- and §-cells

The regulation of glucose homeostasis depends on the secretion of three islet secreted
hormones: insulin (secreted by B-cells), glucagon (secreted by a-cells) and somatostatin
(secreted by 8-cells). The secretion of these hormones is tightly regulated by islet structure.
However, the mechanisms regulating their controlled secretion remain to be deciphered,
particularly how insulin, glucagon and somatostatin play a role maintaining glucose
homeostasis in circulation. According to the standard physiology textbooks, insulin
decreases the glucose level in circulation, in contrast to glucagon that increases it. To this
date, it is unclear how somatostatin affects glucose homeostasis. Glucagon paradoxically
enhances insulin secretion (Brereton et al., 2007), insulin inhibits glucagon secretion (Ravier
and Rutter, 2005), whereas somatostatin appears to inhibit the secretion of both of these
hormones (Daunt et al., 2006).

To unravel the mechanism of interaction between insulin, glucagon and somatostatin, Jo et
al. (Jo et al., 2009) proposed a compartmental mathematical model of a-, -, and &-cells. In
the model, each compartment can take one of two states: active and silent. Jo et al. (Jo et al.,
2009) model paracrine signals of neighboring cells, cell-to-cell variations in response to
external glucose concentrations as well as insulin- and glucagon-sensitive glucose dynamics.
The model proposes that asymmetric interactions between a- and B-cells contribute to the
dynamic stability observed during the perturbed glucose levels. The model shows that the
suppressive effects of somatostatin on glucagon and insulin secretion prevent the “wasteful”
co-secretion of these two hormones at normal glucose level. The mutual suppressive effects
of somatostatin on glucagon and insulin secretion also make the glucose dose-responses of
insulin secretion more pronounced at high glucose levels.

Hong et al. (Hong et al., 2013) investigated the interaction between - to 8-cells using a
coupled phase oscillator model to described the out-of-phase synchrony in the release of
glucagon and insulin and the in-phase synchrony in the release of insulin and somatostatin
(Hellman et al., 2009). They showed that -cells need to exert a positive feedback onto &-
cells to guarantee an in-phase synchrony.

From a technical standpoint, it is currently very difficult to measure the small amount of
somatostatin secreted from 6-cells (~femtomole). As a consequence, the analysis of Jo et
al.'s (Jo et al., 2009) and Hong et al.'s (Hong et al., 2013) models is of great importance to
understand how the intracellular communication of islet cells can provide an effective
control system for glucose homeostasis.

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khadra and Schnell Page 14

5. Conclusions

The islets' development, structure and homeostasis play an essential role in the functionality
of the B-cell mass, which is responsible for the insulin secretion and glucose homeostasis in
circulation. Differentiation of B-cells changes as they develop from a multipotent precursor
cell line to full maturity. The maintenance of the mature 3-cell population is controlled by -
cell proliferation, differentiation from other cell lines, and cellular and metabolic signals.
Dysregulation in the homeostasis of the -cell population can lead to p-cell death, altered p-
cell function, and diabetes.

Experimental scientists are paying a lot of attention to animal models of diabetes, and how
these models can realistically represent the human disease. The behavior of isolated B-cells
and islet B-cells from animal models appears to have a great deal of heterogeneity at times.
Adding to the complexity of the animal models, the pancreatic islets and p-cells have very
rich and complex developmental dynamics, composed of multiple variables and parameters—
some of which we cannot measure experimentally due to the physical limitations of
laboratory instrumentation and techniques. For these reasons, mathematical and
computational modelers are now paying a great deal of attention to the pancreatic islets and
the B-cell population.

In this review, we have seen that models can provide novel insights into the mechanisms of
islet and B-cell development. Many of the predictions made by these models have been
validated experimentally or have informed new experiments to unravel the mechanisms
underlying the regulation of the f-cell population. When it is not easy to test or observe a
molecular or cellular mechanism with the present experimental techniques, models have
discovered interactions, which most likely would have gone unnoticed for numerous years.
We hope that the models presented here illustrate how the fruitful collaboration between
basic scientists, clinicians and modelers may help to clarify complex problems in the field of
diabetes. This review also serves to emphasize that unaided intuition and experiments alone
often cannot explain the behavior of complex biomedical systems with feedback across
different levels of biological organization. We need the support of mathematical and
computational models.

Acknowledgments

We thank Michael Vincent and Mark Whidden (University of Michigan) for their suggestions and comments. AK
was supported by a Discovery Grant from the Natural Sciences and Engineering Research Council of Canada. SS
was partially supported by the Bill and Dee Brehm Gift to the University of Michigan Health System and the
National Institute of Diabetes and Digestive and Kidney Diseases (R01 DK053456).

References

Ackermann AM, Gannon M. Molecular regulation of pancreatic beta-cell mass development,
maintenance, and expansion. J Mol Endocrinol. 2007; 38:193-206. [PubMed: 17293440]

Ajmera |, Swat M, Laibe C, Novere NL, Chelliah V. The impact of mathematical modeling on the
understanding of diabetes and related complications. CPT Pharmacometrics Syst Pharmacol. 2013;
2:e54. [PubMed: 23842097]

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khadra and Schnell

Page 15

Alonso LC, Yokoe T, Zhang PL, Scott DK, Kim SK, O'Donnell CP, Garcia-Ocana A. Glucose
infusion in mice: A new model to induce beta-cell replication. Diabetes. 2007; 56:1792-1801.
[PubMed: 17400928]

Apelgvist A, Li H, Sommer L, Beatus P, Anderson DJ, Honjo T, Hrabe de Angelis M, Lendahl U,
Edlund H. Notch signalling controls pancreatic cell differentiation. Nature. 1999; 400:877-81.
[PubMed: 10476967]

Atkinson MA, Bluestone JA, Eisenbarth GS, Hebrok M, Herold KC, Accili D, Pietropaolo M, Arvan
PR, Von Herrath M, Markel DS, Rhodes CJ. How does type 1 diabetes develop? The notion of
homicide or beta-cell suicide revisited. Diabetes. 2011; 60:1370-9. [PubMed: 21525508]

Bailey J, Potter KJ, Verchere CB, Edelstein-Keshet L, Coombs D. Reverse engineering an amyloid
aggregation pathway with dimensional analysis and scaling. Phys Biol. 2011; 8:066009. [PubMed:
22120172]

Basu R, Breda E, Oberg AL, Powell CC, Dalla Man C, Basu A, Vittone JL, Klee GG, Arora P, Jensen
MD, Toffolo G, Cobelli C, Rizza RA. Mechanisms of the age-associated deterioration in glucose
tolerance: contribution of alterations in insulin secretion, action, and clearance. Diabetes. 2003;
52:1738-48. [PubMed: 12829641]

Bernard C, Berthault MF, Saulnier C, Ktorza A. Neogenesis vs. apoptosis As main components of
pancreatic beta cell ass changes in glucose-infused normal and mildly diabetic adult rats. FASEB J.
1999; 13:1195-205. [PubMed: 10385610]

Bertram R, Sherman A. Dynamical complexity and temporal plasticity in pancreatic beta-cells. J
Biosci. 2000; 25:197-209. [PubMed: 10878861]

Bertram R, Sherman A, Satin LS. Metabolic and electrical oscillations: partners in controlling pulsatile

insulin secretion. Am J Physiol Endocrinol Metab. 2007; 293:E890-900. [PubMed: 17666486]

Bock T, Kyhnel A, Pakkenberg B, Buschard K. The postnatal growth of the beta-cell mass in pigs. J
Endocrinol. 2003; 179:245-52. [PubMed: 14596676]

Bonawitz ND, Shadel GS. Rethinking the mitochondrial theory of aging: the role of mitochondrial
gene expression in lifespan determination. Cell Cycle. 2007; 6:1574-8. [PubMed: 17603300]

Bonner-Weir S. Regulation of pancreatic beta-cell mass in vivo. Recent Progress in Hormone
Research. 1994; 49:91-104. [PubMed: 8146438]

Bonner-Weir S. Beta-cell turnover: Its assessment and implications. Diabetes. 2001; 50:520-S24.
[PubMed: 11272192]

Bonner-Weir S, Sharma A. Pancreatic stem cells. J Pathol. 2002; 197:519-26. [PubMed: 12115867]

Bonner-Weir S, Deery D, Leahy JL, Weir GC. Compensatory growth of pancreatic beta-cells in adult
rats after short-term glucose infusion. Diabetes. 1989; 38:49-53. [PubMed: 2642434]

Bonner-Weir S, Guo L, Li WC, Ouziel-Yahalom L, Lysy PA, Weir GC, Sharma A. Islet neogenesis: a
possible pathway for beta-cell replenishment. Rev Diabet Stud. 2012; 9:407-16. [PubMed:
23804276]

Bottazzo GF. Lawrence lecture. Death of a beta cell: homicide or suicide? Diabet Med. 1986; 3:119—
30. [PubMed: 2951152]

Brereton H, Carvell MJ, Persaud SJ, Jones PM. Islet alpha-cells do not influence insulin secretion from
beta-cells through cell-cell contact. Endocrine. 2007; 31:61-5. [PubMed: 17709899]

Brissova M, Fowler MJ, Nicholson WE, Chu A, Hirshberg B, Harlan DM, Powers AC. Assessment of
human pancreatic islet architecture and composition by laser scanning confocal microscopy. J
Histochem Cytochem. 2005; 53:1087-97. [PubMed: 15923354]

Buteau J, Foisy S, Joly E, Prentki M. Glucagon-like peptide 1 induces pancreatic beta-cell proliferation
via transactivation of the epidermal growth factor receptor. Diabetes. 2003; 52:124-132. [PubMed:
12502502]

Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC. Beta-cell deficit and increased
beta-cell apoptosis in humans with type 2 diabetes. Diabetes. 2003; 52:102-110. [PubMed:
12502499]

Cabrera O, Berman DM, Kenyon NS, Ricordi C, Berggren PO, Caicedo A. The unique
cytoarchitecture of human pancreatic islets has implications for islet cell function. Proc Natl Acad
Sci U S A. 2006; 103:2334-9. [PubMed: 16461897]

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khadra and Schnell

Page 16

Caswell, H. Matrix population models : construction, analysis, and interpretation. Sinauer Associates;
Sunderland, Mass: 2001.

Cnop M, Hughes SJ, Igoillo-Esteve M, Hoppa MB, Sayyed F, van de Laar L, Gunter JH, de Koning
EJ, Walls GV, Gray DW, Johnson PR, Hansen BC, Morris JF, Pipeleers-Marichal M, Cnop I,
Clark A. The long lifespan and low turnover of human islet beta cells estimated by mathematical
modelling of lipofuscin accumulation. Diabetologia. 2010; 53:321-30. [PubMed: 19855953]

Collier JR, Monk NA, Maini PK, Lewis JH. Pattern formation by lateral inhibition with feedback: a
mathematical model of delta-notch intercellular signalling. J Theor Biol. 1996; 183:429-46.
[PubMed: 9015458]

Cozar-Castellano I, Fiaschi-Taesch N, Bigatel TA, Takane KK, Garcia-Ocana A, Vasavada R, Stewart
AF. Molecular control of cell cycle progression in the pancreatic beta-cell. Endocr Rev. 2006;
27:356-70. [PubMed: 16638909]

Cozar-Castellano I, Harb G, Selk K, Takane K, Vasavada R, Sicari B, Law B, Zhang P, Scott DK,
Fiaschi-Taesch N, Stewart AF. Lessons from the first comprehensive molecular characterization of
cell cycle control in rodent insulinoma cell lines. Diabetes. 2008; 57:3056—68. [PubMed:
18650366]

Daunt M, Dale O, Smith PA. Somatostatin inhibits oxidative respiration in pancreatic beta-cells.
Endocrinology. 2006; 147:1527-35. [PubMed: 16357046]

de Back W, Zimm R, Brusch L. Transdifferentiation of pancreatic cells by loss of contact-mediated
signaling. BMC Syst Biol. 2013a; 7:77. [PubMed: 23938152]

de Back W, Zhou JX, Brusch L. On the role of lateral stabilization during early patterning in the
pancreas. J R Soc Interface. 2013b; 10:20120766. [PubMed: 23193107]

De Vries G, Sherman A. Channel sharing in pancreatic beta -cells revisited: enhancement of emergent
bursting by noise. J Theor Biol. 2000; 207:513-30. [PubMed: 11093836]

Dhawan S, Georgia S, Bhushan A. Formation and regeneration of the endocrine pancreas. Curr Opin
Cell Biol. 2007; 19:634-45. [PubMed: 18061427]

Donath MY, Ehses JA, Maedler K, Schumann DM, Ellingsgaard H, Eppler E, Reinecke M.
Mechanisms of beta-cell death in type 2 diabetes. Diabetes. 2005; 54(Suppl 2):S108-13. [PubMed:
16306327]

Dor Y, Brown J, Martinez Ol, Melton DA. Adult pancreatic beta-cells are formed by self-duplication
rather than stem-cell differentiation. Nature. 2004; 429:41-46. [PubMed: 15129273]

Drucker DJ. The biology of incretin hormones. Cell Metabolism. 2006; 3:153-165. [PubMed:
16517403]

Elghazi L, Bernal-Mizrachi E. Akt and PTEN: beta-cell mass and pancreas plasticity. Trends
Endocrinol Metab. 2009; 20:243-51. [PubMed: 19541499]

Fatrai S, Elghazi L, Balcazar N, Cras-Meneur C, Krits I, Kiyokawa H, Bernal-Mizrachi E. Akt induces
beta-cell proliferation by regulating cyclin D1, cyclin D2, and p21 levels and cyclin-dependent
kinase-4 activity. Diabetes. 2006; 55:318-325. [PubMed: 16443763]

Finegood DT, Scaglia L, Bonner-Weir S. Dynamics of beta-cell mass in the growing rat pancreas:
Estimation with a simple mathematical model. Diabetes. 1995; 44:249-256. [PubMed: 7883109]

Finegood DT, McArthur MD, Kojwang D, Thomas MJ, Topp BG, Leonard T, Buckingham RE. Beta-
cell mass dynamics in Zucker diabetic fatty rats. Rosiglitazone prevents the rise in net cell death.
Diabetes. 2001; 50:1021-9. [PubMed: 11334404]

Gallenberger M, zu Castell W, Hense BA, Kuttler C. Dynamics of glucose and insulin concentration
connected to the beta-cell cycle: model development and analysis. Theor Biol Med Model. 2012;
9:46. [PubMed: 23164557]

Gems D, Partridge L. Stress-response hormesis and aging: “that which does not kill us makes us
stronger”. Cell Metab. 2008; 7:200-3. [PubMed: 18316025]

Gershengorn MC, Hardikar AA, Wei C, Geras-Raaka E, Marcus-Samuels B, Raaka BM. Epithelial-to-
mesenchymal transition generates proliferative human islet precursor cells. Science. 2004;
306:2261-4. [PubMed: 15564314]

Hanley SC, Austin E, Assouline-Thomas B, Kapeluto J, Blaichman J, Moosavi M, Petropavlovskaia
M, Rosenberg L. -Cell mass dynamics and islet cell plasticity in human type 2 diabetes.
Endocrinology. 2010; 151:1462-72. [PubMed: 20176718]

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khadra and Schnell

Page 17

Hara M, Dizon RF, Glick BS, Lee CS, Kaestner KH, Piston DW, Bindokas VP. Imaging pancreatic
beta-cells in the intact pancreas. Am J Physiol Endocrinol Metab. 2006; 290:E1041-7. [PubMed:
16368785]

Hellman B, Salehi A, Gylfe E, Dansk H, Grapengiesser E. Glucose generates coincident insulin and
somatostatin pulses and antisynchronous glucagon pulses from human pancreatic islets.
Endocrinology. 2009; 150:5334-40. [PubMed: 19819962]

Herbach N, Bergmayr M, Goke B, Wolf E, Wanke R. Postnatal development of numbers and mean
sizes of pancreatic islets and beta-cells in healthy mice and GIPR(dn) transgenic diabetic mice.
PLoS One. 2011; 6:22814. [PubMed: 21818396]

Homo-Delarche F, Drexhage HA. Immune cells, pancreas development, regeneration and type 1
diabetes. Trends Immunol. 2004; 25:222-9. [PubMed: 15099561]

Hong H, Jo J, Sin SJ. Stable and flexible system for glucose homeostasis. Phys Rev E Stat Nonlin Soft
Matter Phys. 2013; 88:032711. [PubMed: 24125298]

Jaberi-Douraki M, Schnell S, Pietropaolo M, Khadra A. Unraveling the contribution of pancreatic
beta-cell suicide in autoimmune type 1 diabetes. J Theor Biol. 201510.1016/j.jthi.2014.05.003

Jo J, Choi MY, Koh DS. Size distribution of mouse Langerhans islets. Biophys J. 2007; 93:2655-66.
[PubMed: 17586568]

Jo J, Choi MY, Koh DS. Beneficial effects of intercellular interactions between pancreatic islet cells in
blood glucose regulation. J Theor Biol. 2009; 257:312-9. [PubMed: 19135066]

Jo J, Fortin JY, Choi MY. Weibull-type limiting distribution for replicative systems. Phys Rev E Stat
Nonlin Soft Matter Phys. 2011a; 83:031123. [PubMed: 21517470]

Jo J, Hara M, Ahlgren U, Sorenson R, Periwal V. Mathematical models of pancreatic islet size
distributions. Islets. 2012; 4:10-9. [PubMed: 22504860]

Jo J, Kilimnik G, Kim A, Guo C, Periwal V, Hara M. Formation of pancreatic islets involves
coordinated expansion of small islets and fission of large interconnected isletlike structures.
Biophys J. 2011b; 101:565-74. [PubMed: 21806924]

Jo J, Hornblad A, Kilimnik G, Hara M, Ahlgren U, Periwal V. The fractal spatial distribution of
pancreatic islets in three dimensions: a self-avoiding growth model. Phys Biol. 2013; 10:036009.
[PubMed: 23629025]

Johnson JD, Bernal-Mizrachi E, Alejandro EU, Han Z, Kalynyak TB, Li H, Beith JL, Gross J,
Warnock GL, Townsend RR, Permutt MA, Polonsky KS. Insulin protects islets from apoptosis via
Pdx1 and specific changes in the human islet proteome. Proc Natl Acad Sci U S A. 2006;
103:19575-80. [PubMed: 17158802]

Kang H, Han K, Jo J, Kim J, Choi MY. Systems of pancreatic beta-cells and glucose regulation. Front
Biosci. 2008; 13:6421-31. [PubMed: 18508669]

Kilimnik G, Jo J, Periwal V, Zielinski MC, Hara M. Quantification of islet size and architecture. Islets.
2012; 4:167-72. [PubMed: 22653677]

Kilimnik G, Zhao B, Jo J, Periwal V, Witkowski P, Misawa R, Hara M. Altered islet composition and
disproportionate loss of large islets in patients with type 2 diabetes. PLoS One. 2011; 6:e27445.
[PubMed: 22102895]

Kim A, Miller K, Jo J, Kilimnik G, Wojcik P, Hara M. Islet architecture: A comparative study. Islets.
2009; 1:129-36. [PubMed: 20606719]

Kulkarni RN, Mizrachi EB, Ocana AG, Stewart AF. Human beta-cell proliferation and intracellular
signaling: driving in the dark without a road map. Diabetes. 2012; 61:2205-13. [PubMed:
22751699]

Larsen MO, Rolin B, Wilken M, Carr RD, Gotfredsen CF. Measurements of insulin secretory capacity
and glucose tolerance to predict pancreatic beta-cell mass in vivo in the nicotinamide/
streptozotocin Gottingen minipig, a model of moderate insulin deficiency and diabetes. Diabetes.
2003; 52:118-23. [PubMed: 12502501]

Lee HC, Bonner-Weir S, Weir GC, Leahy JL. Compensatory adaptation to partial pancreatectomy in
the rat. Endocrinology. 1989; 124:1571-1575. [PubMed: 2645116]

Lee JH, Jo J, Hardikar AA, Periwal V, Rane SG. Cdk4 regulates recruitment of quiescent beta-cells
and ductal epithelial progenitors to reconstitute beta-cell mass. PLoS One. 2010; 5:e8653.
[PubMed: 20084282]

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khadra and Schnell

Page 18

Lee YC, Nielsen JH. Regulation of beta cell replication. Mol Cell Endocrinol. 2009; 297:18-27.
[PubMed: 18824066]

Lickert H. Betatrophin fuels beta cell proliferation: first step toward regenerative therapy? Cell Metab.
2013; 18:5-6. [PubMed: 23823472]

Lipsett M, Finegood DT. beta-cell neogenesis during prolonged hyperglycemia in rats. Diabetes. 2002;
51:1834-41. [PubMed: 12031971]

Liu JL, Coschigano KT, Robertson K, Lipsett M, Guo YB, Kopchick JJ, Kumar U, Liu YL. Disruption
of growth hormone receptor gene causes diminished pancreatic islet size and increased insulin
sensitivity in mice. American Journal of Physiology-Endocrinology and Metabolism. 2004;
287:E405-E413. [PubMed: 15138153]

Manesso E, Toffolo GM, Butler AE, Butler PC, Cobelli C. Shortened B-cell lifespan leads to p-cell
deficit in a rodent model of type 2 diabetes. Am J Physiol Endocrinol Metab. 2011; 300:E933-8.
[PubMed: 21343541]

Manesso E, Toffolo GM, Saisho Y, Butler AE, Matveyenko AV, Cobelli C, Butler PC. Dynamics of
beta-cell turnover: evidence for beta-cell turnover and regeneration from sources of beta-cells
other than beta-cell replication in the HIP rat. Am J Physiol Endocrinol Metab. 2009; 297:E323-
30. [PubMed: 19470833]

Meda P, Santos RM, Atwater |. Direct identification of electrophysiologically monitored cells within
intact mouse islets of Langerhans. Diabetes. 1986; 35:232-6. [PubMed: 3510929]

Miller K, Kim A, Kilimnik G, Jo J, Moka U, Periwal V, Hara M. Islet formation during the neonatal
development in mice. PLoS One. 2009; 4:e7739. [PubMed: 19893748]

Montanya E, Nacher V, Biarnes M, Soler J. Linear correlation between beta-cell mass and body
weight throughout the lifespan in Lewis rats: Role of beta-cell hyperplasia and hypertrophy.
Diabetes. 2000; 49:1341-1346. [PubMed: 10923635]

Muller D, Jones PM, Persaud SJ. Autocrine anti-apoptotic and proliferative effects of insulin in
pancreatic beta-cells. FEBS Lett. 2006; 580:6977-80. [PubMed: 17161395]

Nittala A, Wang X. The hyperbolic effect of density and strength of inter beta-cell coupling on islet
bursting: a theoretical investigation. Theor Biol Med Model. 2008; 5:17. [PubMed: 18673579]

Nittala A, Ghosh S, Wang X. Investigating the role of islet cytoarchitecture in its oscillation using a
new beta-cell cluster model. PLoS One. 2007; 2:€983. [PubMed: 17912360]

Noguchi H, Xu G, Matsumoto S, Kaneto H, Kobayashi N, Bonner-Weir S, Hayashi S. Induction of
pancreatic stem/progenitor cells into insulin-producing cells by adenoviral-mediated gene transfer
technology. Cell Transplant. 2006; 15:929-38. [PubMed: 17299998]

Nyman E, Cedersund G, Stralfors P. Insulin signaling - mathematical modeling comes of age. Trends
Endocrinol Metab. 2012; 23:107-15. [PubMed: 22285743]

O'Sullivan-Murphy B, Urano F. ER stress as a trigger for beta-cell dysfunction and autoimmunity in
type 1 diabetes. Diabetes. 2012; 61:780-1. [PubMed: 22442299]

Parsons JA, Brelje TC, Sorenson RL. Adaptation of islets of Langerhans to pregnacy: Increased islet
cell-proliferation and insulin-secretion correlates with the onset of placental-lactogen secretion.
Endocrinology. 1992; 130:1459-1466. [PubMed: 1537300]

Pechhold K, Koczwara K, Zhu X, Harrison VS, Walker G, Lee J, Harlan DM. Blood glucose levels
regulate pancreatic beta-cell proliferation during experimentally-induced and spontaneous
autoimmune diabetes in mice. PLoS One. 2009; 4:¢4827. [PubMed: 19287497]

Pick A, Clark J, Kubstrup C, Levisetti M, Pugh W, Bonner-Weir S, Polonsky KS. Role of apoptosis in
failure of beta-cell mass compensation for insulin resistance and beta-cell defects in the male
Zucker diabetic fatty rat. Diabetes. 1998; 47:358-364. [PubMed: 9519740]

Portuesi R, Cherubini C, Gizzi A, Buzzetti R, Pozzilli P, Filippi S. A stochastic mathematical model to
study the autoimmune progression towards type 1 diabetes. Diabetes Metab Res Rev. 2013;
29:194-203. [PubMed: 23229223]

Rankin MM, Kushner JA. Adaptive ceta-cell proliferation is severely restricted with advanced age.
Diabetes. 2009; 58:1365-1372. [PubMed: 19265026]

Ravier MA, Rutter GA. Glucose or insulin, but not zinc ions, inhibit glucagon secretion from mouse
pancreatic alpha-cells. Diabetes. 2005; 54:1789-97. [PubMed: 15919801]

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khadra and Schnell

Page 19

Ribbing J, Hamren B, Svensson MK, Karlsson MO. A model for glucose, insulin, and beta-cell
dynamics in subjects with insulin resistance and patients with type 2 diabetes. J Clin Pharmacol.
2010; 50:861-72. [PubMed: 20484615]

Saisho Y, Manesso E, Gurlo T, Huang CJ, Toffolo GM, Cobelli C, Butler PC. Development of factors
to convert frequency to rate for beta-cell replication and apoptosis quantified by time-lapse video
microscopy and immunohistochemistry. Am J Physiol Endocrinol Metab. 2009; 296:E89-96.
[PubMed: 18940937]

Sandefur CI, Schnell S. A model of threshold behavior reveals rescue mechanisms of bystander
proteins in conformational diseases. Biophys J. 2011; 100:1864—73. [PubMed: 21504722]

Sapir T, Shternhall K, Meivar-Levy I, Blumenfeld T, Cohen H, Skutelsky E, Eventov-Friedman S,
Barshack I, Goldberg I, Pri-Chen S, Ben-Dor L, Polak-Charcon S, Karasik A, Shimon |, Mor E,
Ferber S. Cell-replacement therapy for diabetes: Generating functional insulin-producing tissue
from adult human liver cells. Proc Natl Acad Sci U S A. 2005; 102:7964-9. [PubMed: 15899968]

Schnell S. A model of the unfolded protein response: pancreatic beta-cell as a case study. Cell Physiol
Biochem. 2009; 23:233-44. [PubMed: 19471091]

Schulz TJ, Zarse K, Voigt A, Urban N, Birringer M, Ristow M. Glucose restriction extends
Caenorhabditis elegans life span by inducing mitochondrial respiration and increasing oxidative
stress. Cell Metab. 2007; 6:280-93. [PubMed: 17908557]

Sherman A. Contributions of modeling to understanding stimulus-secretion coupling in pancreatic
beta-cells. Am J Physiol. 1996; 271:E362-72. [PubMed: 8770032]

Sherman A, Rinzel J. Model for synchronization of pancreatic beta-cells by gap junction coupling.
Biophys J. 1991; 59:547-59. [PubMed: 1646657]

Stamper 1J, Jackson E, Wang X. Phase transitions in pancreatic islet cellular networks and implications
for type-1 diabetes. Phys Rev E Stat Nonlin Soft Matter Phys. 2014; 89:012719. [PubMed:
24580269]

Sujatha SR, Pulimood A, Gunasekaran S. Comparative immunocytochemistry of isolated rat &
monkey pancreatic islet cell types. Indian J Med Res. 2004; 119:38-44. [PubMed: 14997993]
Sun J, Cui J, He Q, Chen Z, Arvan P, Liu M. Proinsulin misfolding and endoplasmic reticulum stress
during the development and progression of diabetes. Mol Aspects Med. 201510.1016/j.mam.

2015.01.001

Szabat M, Lynn FC, Hoffman BG, Kieffer TJ, Allan DW, Johnson JD. Maintenance of beta-cell
maturity and plasticity in the adult pancreas: developmental biology concepts in adult physiology.
Diabetes. 2012; 61:1365-71. [PubMed: 22618775]

Teta M, Long SY, Wartschow LM, Rankin MM, Kushner JA. Very slow turnover of beta-cells in aged
adult mice. Diabetes. 2005; 54:2557-67. [PubMed: 16123343]

Teta M, Rankin MM, Long SY, Stein GM, Kushner JA. Growth and regeneration of adult beta cells
does not involve specialized progenitors. Developmental Cell. 2007; 12:817-826. [PubMed:
17488631]

Topp B, Promislow K, deVries G, Miura RM, Finegood DT. A model of beta-cell mass, insulin, and
glucose kinetics: pathways to diabetes. J Theor Biol. 2000; 206:605-19. [PubMed: 11013117]

Topp BG, McArthur MD, Finegood DT. Metabolic adaptations to chronic glucose infusion in rats.
Diabetologia. 2004; 47:1602-10. [PubMed: 15349726]

Topp BG, Atkinson LL, Finegood DT. Dynamics of insulin sensitivity, -cell function, and -cell mass
during the development of diabetes in fa/fa rats. Am J Physiol Endocrinol Metab. 2007;
293:E1730-5. [PubMed: 17895283]

Tschen SI, Dhawan S, Gurlo T, Bhushan A. Age-dependent decline in beta-cell proliferation restricts
the capacity of beta-cell regeneration in mice. Diabetes. 2009; 58:1312-1320. [PubMed:
19228811]

Vasavada RC, Garcia-Ocana A, Zawalich WS, Sorenson RL, Dann P, Syed M, Ogren L, Talamantes
F, Stewart AF. Targeted expression of placental lactogen in the beta cells of transgenic mice
results in beta cell proliferation, islet mass augmentation, and hypoglycemia. Journal of
Biological Chemistry. 2000; 275:15399-15406. [PubMed: 10809775]

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khadra and Schnell

Page 20

Wang RN, Bouwens L, Kloppel G. Beta-cell proliferation in normal and streptozotocin-treated
newborn rats: site, dynamics and capacity. Diabetologia. 1994; 37:1088-1096. [PubMed:
7867880]

Wang X, Misawa R, Zielinski MC, Cowen P, Jo J, Periwal V, Ricordi C, Khan A, Szust J, Shen J,
Millis JIM, Witkowski P, Hara M. Regional differences in islet distribution in the human
pancreas--preferential beta-cell loss in the head region in patients with type 2 diabetes. PL0S
One. 2013; 8:€67454. [PubMed: 23826303]

Wang YF, Khan M, van den Berg HA. Interaction of fast and slow dynamics in endocrine control
systems with an application to beta-cell dynamics. Math Biosci. 2012; 235:8-18. [PubMed:
22063267]

Weir GC, Aguayo-Mazzucato C, Bonner-Weir S. beta-cell dedifferentiation in diabetes is important,
but what is it? Islets. 2013; 5:233-7. [PubMed: 24356710]

Westermark P, Andersson A, Westermark GT. Islet amyloid polypeptide, islet amyloid, and diabetes
mellitus. Physiol Rev. 2011; 91:795-826. [PubMed: 21742788]

Wieczorek G, Pospischil A, Perentes E. A comparative immunohistochemical study of pancreatic
islets in laboratory animals (rats, dogs, minipigs, nonhuman primates). Exp Toxicol Pathol. 1998;
50:151-72. [PubMed: 9681646]

Xu G, Stoffers DA, Habener JF, Bonner-Weir S. Exendin-4 stimulates both beta-cell replication and
neogenesis, resulting in increased beta-cell mass and improved glucose tolerance in diabetic rats.
Diabetes. 1999; 48:2270-2276. [PubMed: 10580413]

Yesil P, Lammert E. Islet dynamics: a glimpse at beta cell proliferation. Histol Histopathol. 2008;
23:883-95. [PubMed: 18437687]

Yi P, Park JS, Melton DA. Betatrophin: a hormone that controls pancreatic beta cell proliferation. Cell.
2013; 153:747-58. [PubMed: 23623304]

Zhou JX, Brusch L, Huang S. Predicting pancreas cell fate decisions and reprogramming with a
hierarchical multi-attractor model. PLoS One. 2011; 6:e14752. [PubMed: 21423725]

Zulewski H, Abraham EJ, Gerlach MJ, Daniel PB, Moritz W, Muller B, Vallejo M, Thomas MK,
Habener JF. Multipotential nestin-positive stem cells isolated from adult pancreatic islets
differentiate ex vivo into pancreatic endocrine, exocrine, and hepatic phenotypes. Diabetes. 2001;
50:521-33. [PubMed: 11246871]

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Khadra and Schnell Page 21

B-cell B -cell

‘neogenesis proliferation )

B-cell mass

B-cell apoptosis

Figure 1.
The p-cell mass is regulated by a balance of 3-cell formation either by neogenesis of -cells

from stem cell/progenitor {3-cells or replication from existing p-cells, and p-cell death
through B-cell apoptosis. Mathematical and computational models of the net growth of $-cell
are governed by the sum of the rates of B-cell neogenesis, replication and death.
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acinar
cells

—

| Expressed in mature cell type as indicated
[ Expressed in precursors of indicated lineage

Cell lineages of mouse pancreatic cells and their gene expression patterns start from Pdx1+
cells. These cells gradually differentiate into exocrine, a, p and 6 cells. Genes patterns
colored in gray are permanently expressed in mature cell lines, while genes colored in
yellow are transiently expressed. In the model of Zhou et al. (Zhou et al., 2011) cells commit
through three binary cell fate decisions into various lineages. In the first branch, exocrine
and endocrine lineages are committed from PdK1+ cells. Ngn3+ cells are the endocrine
progenitor cell line for /6 or the a (glucagon producing) lineages. The (/8 precursors
commit to produce either § cells or § cells in the third binary decision line. Figure redrawn
with modifications from Zhou et al. (Zhou et al., 2011).
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Figure 3.
f-cell proliferation can be induced by betatrophin, glucose and other signals. For example,

betatrophin is a hormone upregulated in liver and fat tissue, which could either act alone or
in combination with other factors to increase f cell proliferation. The mechanism activating
f3-cell proliferation by betatrophin or other signals remains unknown. There is evidence that
it leads to cell cycle re-entry through the regulation of cell cycle activators or inhibitors.
Figure redrawn with modifications from Lickert (Lickert, 2013).
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b

Figure 4.
(A) Branching cell proliferation model with coherent division in an islet. Cells replicate with

a rate equal to A, and do not replicate with a rate equal to (1- A). The figure illustrates up to
two rounds of replication. The rounds of replication are denoted with k. Figure redrawn with
modifications from Jo et al. (Jo et al., 2007). (B) Islet development model governed by birth,
growth, and fission. In this model by Jo et al. (Jo et al., 2011b), new islets appear with a
birth rate, then growth (by proliferative or neogenesis expansion) with rates g; and break (by
fission) with rates fi; depending on the islet size. Figure redrawn with modifications from Jo
etal. (Jo et al., 2011b).
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Hexagonal Closest
Packing Model

Figure 5.
Hexagonal closest packing cell cluster model of the islet provides a close approximation to

the B-cell arrangement in islets. It is based on a computer algorithm that captures the degree
of intercellular coupling composed of three parameters: B-cell cluster size, the number of
intercellular couplings each p-cell has, and the inter-$ cell gap junctional coupling strength.
In the illustration, we show the three layers of cells, which form the spherical islets. Figure
redrawn with modifications from Nittala et al. (Nittala et al., 2007).

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.



