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The secretion of islet hormones from endocrine cells of the pancreas plays vital roles in
maintaining glucose homeostasis. Dysfunction of these cells leads to diabetes, a devastating
metabolic disorder affecting millions worldwide, but underlying mechanisms remain poorly
understood. In hyperglycemic conditions, β-cells secrete insulin, whereas α-cells secrete an
increased amount of glucagon in hypoglycemic conditions. Both insulin and glucagon are stored
in secretory granules preceding their release by regulated exocytosis. This process involves
several steps, including tethering, docking, priming, and finally, a fusion of the granules
with the plasma membrane. Soluble N-ethylmaleimide–sensitive factor attachment protein
receptor (SNARE) proteins and phosphoinositides (PIs) drive pancreatic hormone exocytosis
and secretion, which follows a biphasic time course. Biphasic secretion is thought to reflect
the vastly different release probabilities of individual granules, but direct evidence for this is
still lacking. Therefore, this thesis investigates exocytosis in the two main pancreatic cell types
with a particular focus on preceding steps docking and priming, to identify rate-limiting steps
in health and type-2 diabetes (T2D). Our data indicated that granule docking is critical for
sustained secretion in α- and β-cells. Glucagon granule exocytosis had a U-shaped sensitivity to
glucose in both healthy and T2D α-cells. However, T2D α-cells exhibited a marginal decrease
in exocytosis, as well as docking, and they were markedly insensitive to somatostatin and
insulin. T2D β-cells reduced exocytosis dramatically, and docking was compromised and no
longer responsive to glucose, which correlated with reduced insulin secretion and elevated donor
HbA1c. These results were further strengthened by the finding that expression of a group of
genes that are involved explicitly in granule docking was reduced (by RNAseq of islets from
over 200 human donors), and overexpression of the corresponding proteins increased granule
docking in human β-cells.
We further aimed to study the basis for the recruitment of these proteins to the docking site.
Here we tested the hypothesis that highly charged lipids mainly PIs act as a hotspot to interact
with SNARE proteins that initiate docking. We showed the homogenous distribution of all
PIs markers in the plasma membrane, with no PIs microdomains at the exocytotic site during
granule docking. However, rapid and local PI(4,5)P2 signaling at fusion sites was crucial for
stabilizing fusion pore by binding to proteins related to the release site. These results suggested
a role of PI(4,5)P2 in priming and fusion regulation rather than docking. Overall, this work gives
new insights into the mechanisms underlying pancreatic hormone secretion in both healthy and
diabetic conditions.
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Introduction

Diabetes mellitus is a complex and chronic disease with life-long complications and increasing
worldwide prevalence. Type-2 diabetes (T2D) is the most common form of diabetes and accounts
for around 90% of all diabetic cases1. It is characterized by imbalanced interactions between
peripheral tissue sensitivity and pancreatic islet hormone secretion2–6. T2D is increasingly
acknowledged as a bihormonal disease and is accompanied by defects in the hypoglycemic
hormone (Insulin)7,8, and the hyperglycemic hormone (glucagon)2,9–16. Insulin and glucagon are
potent regulators of glucose metabolism and play an essential role in glucose homeostasis and the
development of T2D through their opposing effects16–18.
Extensive research over the past decades has brought valuable insights into a better understanding
of both the pathogenesis and pathophysiology of T2D. However, the molecular mechanisms by
which glucose controls hormone secretion from pancreatic cells is still debated. In particular,
consensus about how the sugar regulates glucagon secretion from α-cells is lacking, and changes
that occur during the development of T2D are primarily unknown3,5,10,19,20. Therefore,
understanding the nature of impaired pancreatic hormone secretion in T2D islets is of great
importance for curing or preventing disease. This thesis investigates the different aspects of
pancreatic cell structure and function in T2D. I focus on the exocytotic machinery, and how defects
in this process may underlie disrupted hormone secretion in T2D. I utilized advanced imaging
techniques, which have shed light on granule dynamics, i.e., docking, priming, and fusion
preceding exocytosis. However, to what extent any of these steps in granule exocytosis contribute
to the pathology of T2D is not yet clear. Therefore, total internal reflection microscopy has been
mainly employed to visualize and investigate the changes during the fusion of individual granules
and exocytosis kinetics within different cell types of human pancreatic islets. We aim to better
understanding of primary alterations at the molecular level of the disease, which could be then
translated into better therapy for T2D.
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Background

Glucose homeostasis
Glucose homeostasis is a complex system by which blood glucose concentration is maintained
within a specific range of about 3.9 to 8.0 mM (70 to 144 mg/dl), under various physiological
conditions such as fasting, exercise, and feeding. It is fundamental for human health due to the
importance of glucose as the source of energy for many organs21. Glucose homeostasis is the result
of a delicate balance between exogenous glucose delivery, endogenous production, and utilization
by tissues such as the skeletal muscle and the brain22. Several neural and hormonal factors and
many organs and cell types are involved in the regulation of glucose homeostasis, in particular, the
gut-brain-liver axis23,24.
First, pancreatic islets perform an essential role in tightly controlling blood glucose levels through
release of various hormones which act mainly on the liver, brain, muscles, and adipose
tissue16,21,25,26. In the fed state, elevated blood glucose levels stimulate pancreatic β-cells to secrete
insulin, which promotes glucose use and uptake by cells (skeletal muscle and adipose tissues).
Additionally, insulin also stimulates hepatic glycogenesis and protein and fat synthesis. Insulin
actions lead to lower postprandial blood glucose27. In contrast, glucagon secreted from pancreatic
α-cells is a primary counter-regulatory hormone of insulin and stimulates glycogenolysis, hepatic
gluconeogenesis, and lipolysis in response to lowered blood glucose levels22,28.
Incretin hormones, including gastrointestinal inhibitory polypeptide (GIP) and glucagon-like
peptide-1 (GLP-1), are effectively released by meal ingestion within the gastrointestinal tract. Both
GIP and GLP-1 promote insulin secretion, synthesis, and β-cell survival23,29,30. Moreover,
adrenaline, growth hormones, and cortisol are glucose counter-regulatory hormones, which
maintain normal blood glucose levels31. Finally, the liver has a unique role in the regulation of
blood glucose by coordinating the utilization and storage of glucose including glycolysis,
gluconeogenesis, and glycogen synthesis or breakdown in the proper response to pancreatic
hormones32.

Pancreatic islets
The endocrine part of the pancreas, which represents only 1-2% of the total mass of the organ, is
responsible for the regulation of blood glucose homeostasis. In humans, this part consists of several
(3.2 to 14.8) million endocrine micro-organs33–36, termed the islets of Langerhans, which are
islands of cells distributed among a large number of exocrine cells throughout the pancreas.
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Each islet is composed of 1000-3000 endocrine cells comprised of the following five types: α-, β, δ-, PP- and ε-cells that release glucagon, insulin, somatostatin, pancreatic polypeptide, and
ghrelin, respectively36–40. The composition and spatial organization of islets differ among different
species. In rodents, β-cells are most abundant (60-80%) and are concentrated at the core of the islet,
while α-cells (15-20%) are located in the periphery33,41. In humans, β-cells are less abundant
(around 50%), and the proportion of α-cells is higher (33-46%). The ratio of δ-, PP- and ε-cells is
similar in human and rodent islets42. The distribution of these cell types within human islets is more
random than in rodent islets, perhaps suggesting more interactions among them39,43 (Fig 1).

Fig 1 Schematic diagram showing the interaction of different islet cells

Insulin
Insulin is a 55 amino acid hormone initially synthesized as the precursor molecule preproinsulin
(MW 11.500), which is formed in the rough endoplasmic reticulum (ER) of pancreatic β-cell. It is
then converted to proinsulin (MW 9000) upon cleavage of its signal sequence by the signal
peptidase almost immediately after synthesis. Later, zinc and calcium may become packaged with
proinsulin in the route to the Golgi network where immature secretory granules are formed.
Proinsulin undergoes maturation into active insulin via the prohormone convertases PC1/3 and
PC2, which also result in the formation of C-peptide. Subsequently, mature insulin (MW 5808)
consisting of A- and B-peptide chains connected by disulfide bonds is packaged in mature secretory
granules waiting to undergo exocytosis when required44,45.

Glucagon
Glucagon is the counter hormone to insulin and is a 29 amino acid hormone. It is initially derived
from high molecular weight precursor, preproglucagon in the rough ER of pancreatic α-cells46.
Preproglucagon is then cleaved by prohormone convertase-2 (PC2) to glucagon along with
glicentin-related pancreatic polypeptide (GRPP), intervening peptide-1 (IP-1) and major proglucagon fragment47–51. Similar to insulin, glucagon undergoes maturation into active glucagon52–
54
and is packaged into mature secretory granules pending release, which occurs through exocytosis
in response to hypoglycemia or another nutrient55,5655,56.
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Somatostatin
Somatostatin is synthesized and secreted by pancreatic δ-cells, enteric neurons, and intestinal
epithelium D cells57. There are two biologically active isoforms of somatostatin, consisting of 14
(SST-14) or 28 (SST-28) amino acids58. Both isoforms contain the same 14 amino acids sequence
at the carboxyl terminus, but SST-28 has a longer half-life (15 minutes) in the blood compared to
SST-14 (2 minutes)59. Similar to other pancreatic hormones, somatostatin is synthesized initially
as a precursor of preprosomatostatin (116 amino acid), which is processed to prosomatostatin (92
amino acids). Then it is cleaved into the SST-14 isoform in pancreatic δ-cells, which contributes
less than 5% of the total circulating somatostatin58,60,61.

Regulation of pancreatic hormone secretion
Nutrients, including amino acids and fatty acids, can modify pancreatic hormone secretion, but
glucose is the primary regulator. Glucose regulates the secretion of insulin and glucagon inversely.
In hypoglycemic conditions, β-cells and δ-cells remain silent and do not release insulin or
somatostatin, while α-cells become more active and release glucagon into the blood. In contrast, βcells and δ-cells are stimulated, and α-cells are inhibited as the glucose level rises. Coordination of
pancreatic hormone secretion is achieved through the control of various factors including isletspecific regulation (metabolic, paracrine, autocrine) and peripheral regulation (autonomic and
endocrine)56,62.

Glucose
Glucose is the most important regulator of pancreatic hormone secretion and acts through both
direct and indirect mechanisms. β-cells can sense and respond quickly to postprandial elevations
of blood glucose. An increase in the glucose concentrations above the threshold of ~3 mM in human
or ~5 mM in mouse islets, stimulates β-cells to secrete insulin in a dose-dependent manner with
half-maximal stimulation at 10-12 mM glucose concentration and maximal stimulation above a 20
mM glucose concentration56. However, secretion of glucagon is consequently stimulated by low
(<3 mM) concentrations of glucose. Elevation of the glucose concentration leads to inhibition with
the maximum around 5-7 mM, but the paradoxical stimulatory effect continues at higher glucose
concentrations63,64. δ-cells secrete somatostatin in response to rising blood glucose above the
threshold ~3 mM in human65 or ~4 mM in mouse islets66,67.
The molecular mechanisms underlying glucose regulation of insulin secretion are well
understood56,68. In contrast, those involved in the regulation of glucagon secretion by glucose are
still under debate and several mechanisms (not necessarily exclusive) have been proposed17,69–72
(Fig 2).
The direct effect of glucose on β-cells
Glucose enters β-cells through a glucose transporter (GLUT1 in human, GLUT2 in rodent)73–75,
followed by oxidative metabolism resulting in the production of Adenosine Triphosphate (ATP)
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from Adenosine Diphosphate (ADP)76,77 and elevation of the cytoplasmic ATP/ADP ratio. This
elevation leads to closure of ATP-sensitive K+ channels (KATP channels) in the plasma membrane
(PM), depolarization of the PM and Ca2+ influx through voltage-dependent Ca2+ channels
(VDCCs). This elevation of the cytoplasmic Ca2+ concentration triggers the exocytosis of insulin
secretory granules78–80.
The direct effect of glucose on α-cells
The most cited model posits that glucose inhibits glucagon secretion by an intrinsic mechanism.
Accordingly, glucose metabolism and the generation of ATP play a central role by inducing a slight
KATP channel-dependent depolarization of the resting membrane potential and subsequent
inactivation of Na+-channels, thereby preventing the Ca2+ influx as well as glucagon
secretion69,70,81–87. An alternative model postulates that glucose leads to α-cell hyperpolarization
because it energizes the endoplasmic reticulum Ca2+-ATPase (SERCA) and thereby shuts off the
normally depolarizing store-operated current (SOC) and inhibits Ca2+ entry through VDCC as well
as glucagon release88,89. Other studies have proposed that activation of Na+/K+-ATPase90 or loss of
AMP kinase91 actions may contribute to glucose inhibitory effect on glucagon secretion.
Indirect control of glucose on insulin secretion
Insulin secretion is regulated indirectly by glucose through paracrine factors released from
neighboring cells. Somatostatin from δ-cells inhibits insulin secretion92,93, as do zinc ions from βcells94,95. Adrenaline96, galanin97, ghrelin98, and leptin99 are also potent inhibitors of insulin
secretion. However, insulin secretion is enhanced by the presence of glucagon92,100–103 or incretin
hormones (GIP and GLP-1).
Indirect control of glucose on glucagon secretion
α-cells are also exposed to paracrine influences from neighboring cells including glucosestimulated release of insulin104–106, γ-aminobutyric acid (GABA)107,108, serotonin109 and zinc110
from β-cells111 and somatostatin from δ-cells28,112. All of these have been reported to inhibit
glucagon secretion from α-cells. The incretin hormones (GLP-1 and GIP) have been proposed to
be important in the regulation of glucagon secretion113–116. Additionally, there is evidence to
suggest that GLP-1 can be produced in human islets, possibly in α-cells94. However, glucagon
secretion is enhanced by the presence of adrenaline117.
Finally, both insulin and glucagon release is under neural control via glucose sensors located in
hypothalamus in the brain and/or the hepatoportal area118,119.
Role of somatostatin
Somatostatin from δ-cells inhibits both insulin and glucagon secretion28,92,93,112,120 via a negative
feedback mechanism, mediated by five distinct Gi/0-coupled somatostatin receptor (SSTR)
isoforms. In human islets, somatostatin receptor type 2 (SSTR2) is the most functionally dominant
receptor in both α-cell and β-cells93,121–126. Somatostatin acts through multiple mechanisms
including lowering cyclic adenosine monophosphate (cAMP) via inhibition of adenylyl cyclase
activation or inhibition of specific ion channels126,127. In parallel, somatostatin has been shown to
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hyperpolarize the cell membrane through activation of G protein-gated inwardly rectifying K+
(GIRK) channels and subsequent closure of VDCC channels93,112. Recently, it has been proposed
that electrical stimulation of β-cells can activate somatostatin release from δ-cells via gap junction
connections, and consequently α-cell hyperpolarization128. This suggests that at least part of the
inhibitory effect of insulin on glucagon secretion is due to a secondary effect on δ-cells128.

Fig 2 Glucose regulation of pancreatic hormones

Nutrients
Amino acids
The transient increase in the circulation levels of amino acids following a mixed meal129 is likely
accompanied by an increase in both insulin and glucagon secretion. Both hormones are critical in
maintaining amino acid homeostasis. Insulin promotes storage of dietary amino acids through
protein synthesis in muscles, and glucagon facilitates amino acid disposal by ureagenesis in the
liver or excretion in the kidney130–132. The effect of amino acids on β-cells is minimal compared to
the effect on α-cells since amino acids potentiate insulin secretion only in the presence of
glucose132. Thus, during prolonged fasting, glucagon promotes gluconeogenesis from glucogenic
amino acids. Considering individual amino acids, arginine, lysine, and leucine are potent
stimulators of insulin secretion, while arginine, alanine, and glycine are the most potent amino acid
stimulators of α-cells132,133.
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Fats
The absorption of dietary fat into the bloodstream takes several hours and is much slower than
that of glucose or amino acids. Therefore, the concentrations of free fatty acids (FFAs) vary widely
in the circulation from hour to hour, and the plasma level of glucose or amino acids and FFAs do
not peak at the same time134. Short-term exposure of β-cells to FFAs potentiates insulin secretion
in an inverse pattern, primarily due to the inhibitory effect of insulin on lipolysis in adipocyte, fatty
acid mobilization and ketogenesis135–137. It is generally accepted that FFAs enhance glucagon
secretion, which stimulates fatty acid oxidation and ketogenesis in hepatocyte and lipolysis in
adipocyte138,139.

Biphasic secretion of the pancreatic hormones
In pancreatic islet cells, under physiological conditions, insulin and glucagon secretion occurs in
a biphasic manner with a rapid transient phase (1st phase) followed by a prolonged sustained phase
(2nd phase)140–145. This pattern has been described in the whole rodent or human body, isolated
islets and isolated single cells146–149.
Several mechanisms might explain biphasic secretion150, including that this pattern reflects
exocytosis of different functional pools of secretory granules. Accordingly, depending on granule
proximity to the plasma membrane and their ability to release, granules have been classified into
two distinct pools. A readily releasable pool (RRP) is a small fraction of granules that are thought
to be pre-docked and primed (see exocytosis) at the cell membrane, and thus immediately available
for release upon stimulation. Besides, a reserve pool (RP) contains a large amount (up to 99%) of
granules, that sit further beneath the surface of the plasma membrane, and they require trafficking
and recruitment to the same release sites in order to secrete84,151–158. In light of this model, the
prevailing hypothesis is that the RRP is responsible for the 1st phase of secretion and the
replenishment of this pool from RP is critical for sustaining a 2nd phase of secretion55,153.
Some evidence implicates defects in biphasic secretion, i.e., a selective loss of 1st phase insulin
release as one of the earliest manifestations and an independent predictor of impaired β-cell
function and T2D development159. However, the mechanisms of impaired regulation of pancreatic
hormone secretion in diabetes are not fully understood. Thus, understanding the behavior of
individual granules and the associated exocytotic proteins within the pancreatic cells is becoming
a novel target for better characterizing of the disease160.

Exocytosis
Exocytosis is an essential cell biological process by which the contents of a secretory granule are
released across the plasma membrane. In eukaryotic cells, there are two types of exocytosis:
constitutive and regulated. Constitutive exocytosis operates without any external stimulus, whereas
Ca2+ triggers regulated exocytosis161,162. Regulated exocytosis is a multistep pathway including
trafficking, tethering, docking, priming, and fusion163.
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In pancreatic islet cells, soluble N-ethylmaleimide–sensitive factor attachment protein receptor
(SNARE) proteins drive vesicle and plasma membrane fusion by forming complexes between
target (T-SNAREs): syntaxin164,165 and 25kDa synaptosome-associated protein (SNAP25)166,167
and vesicle (V-SNAREs): vesicle-associated membrane protein (VAMP)167. Exocytosis also
requires specific docking and priming factors, such as synaptotagmin and mammalian
uncoordinated protein (Munc18, 13). The process depends on both protein-protein and proteinlipid interactions that in turn require ATP158 and phosphoinositides (PIs)168. (Fig 3).

Phosphoinositides (PIs)
Phosphoinositide lipids are minor components of all eukaryotic cell membranes comprising less
than 1% of the membrane lipids. Nevertheless, they are important for trafficking, signaltransducing pathways or to serve as precursors of secondary messengers169. The inositol ring can
be phosphorylated or de-phosphorylated by phosphatidylinositol kinases and phosphatases on the
3’, 4’ or 5’ OH position to produce seven different derivatives170. But phosphatidylinositol 4phosphate (PI(4)P), phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), and phosphatidylinositol
3,4,5-trisphosphate (PI(3,4,5)P3) are the major phosphoinositides171,172.
Early studies showed that MgATP as well as PI(4)P phosphorylation to PI(4,5)P2 are essential for
maintaining regulated exocytosis and play vital roles during docking, priming, and fusion173 (see
below). The most generally established function for PI(4,5)P2 in cellular processes is that the lipid
recruits cytosolic proteins to specific locations on a membrane surface either through structured
domains that have basic charge regions such as PH and C2 domains or through contiguous or noncontiguous basic charge clusters on proteins174,175.

Docking
Docked granules are stationary in the immediate vicinity to the PM, consistent with their physical
binding to specialized docking sites176–179. Several molecular interactions have been shown to play
an essential role in forming this docking site. It has been proposed that docking is initiated by
partial SNARE assembly and coordinated by Munc18165,180,181. Syntaxin-1 is sequentially recruited
into clusters after the arrival of granules to the release site, which is promoted by Munc18182–186.
Deletion or cleavage of either syntaxin or Munc18 inhibits granule docking 165,180,181,187,188; likely
because rapid recruitment of these proteins to the docking site is required to stabilize the docked
state185. Furthermore, it has been proposed that syntaxin clustering also depends on cholesterol189
and PIs190. PIs have been suggested to have a role in organizing the plasma membrane by acting,
together with SNARE proteins, as “beacons” for incoming granules during the docking phase191,192.
Indeed, both syntaxin and PIs have been shown to form microdomains in cell-free membranes and
formaldehyde-fixated cells that at least partially colocalize with docked granules193–195. However,
their distribution in the plasma membrane of live cells is controversial and may depend on cell type
and experimental methods196,197. (Fig 3).
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Priming
Priming is the maturation step that transforms docked granules at the plasma membrane to a state
of readiness for fusion. It includes the molecular rearrangements and ATP-dependent protein and
lipid modifications that take place after the initial docking but before fusion, while the final fusion
step is clamped pending the arrival of the Ca2+ signal. However, the mechanism of this step and its
key reactions are not yet fully elucidated. Molecularly, priming is brought about by conformational
changes of the SNARE complex. Munc13 is thought to ensure proper assembly of the SNARE
complex198, as well as attract Ca2+ channels to the release site199. It catalyzes the transition of closed
syntaxin‐1 into its open state leading to partially zippered SNARE complex with SNAP25 and
VAMP2200. In addition to stabilizing of docking, Munc18 is also required for priming and is
functional during SNARE complex formation200. It significantly improves the action of Munc13 in
SNARE assembly and can serve as a template to bring syntaxin-1 and VAMP2 into close proximity
for proper interactions200,201. Munc13 together with Munc18 prevent NSF‐dependent disassembly
as well198. Ca2+-dependent activator protein in secretion (CAPS-1 and CAPS-2) are also essential
components of the priming machinery, as they contain a sequence stretch with homology to the
priming domain of Munc13202.
Moreover, the PIs have important functional consequences on regulating priming, which has been
identified by the ATP requirement for priming involving conversion of PIP to PIP 2171,173,203–206. It
has been shown that the number of primed granules and the rate of sustained secretion are related
to the levels of PIs196,207,208. It has been proposed that this is because the PIs recruit and activate
cytosolic proteins at specific locations on a membrane surface, including proteins that function in
granule priming like CAPS, Munc13, synaptotagmin-1, and other C2 domain-containing
proteins174,175,202,209,210. (Fig 3).

Fusion
Fusion in the context of regulated secretion is the merging of a vesicle membrane with a cell
membrane, which is triggered by an increase in intracellular Ca2+. It is mediated by an interaction
between SNARE complex and/or membrane lipids with synaptotagmin, which serves as calcium
sensor triggering membrane fusion. In the classical model of exocytosis, the release of hormones
involves the full fusion of secretory granules with the plasma membrane and then the retrieval of
the membrane at other sites to maintain the cell membrane area211,212. However, evidence for a
more complex model of the exocytosis has been proposed, where fusion is initiated with the
formation of a narrow fusion pore, which connects the vesicle lumen with the extracellular space.
The fusion pore then rapidly expands and content is released (full fusion). Alternatively, it closes
before all content is released, and the vesicle maintains its integrity without collapsing into the
plasma membrane during exocytosis in a mechanism termed kiss-and-run or transient fusion213,214.
Pancreatic islet cells exhibit both the classical fully collapsible and the alternative kiss-and-run
exocytosis for the content release from large dense-core vesicles (LDCV), whereas smaller
synaptic-like vesicles preferentially employ kiss-and-run exocytosis178,215,216 to release GABA217.
Fusion pore formation was long thought to be the final step in exocytosis resulting in the uniform
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and total release of granule cargo, where both the insulin and the small transmitters are released.
However, kiss-and-run fusion pores trap the bulky insulin peptide cargo inside, mainly due to its
large diameter compared to the narrow fusion pore, but allow the release of small transmitters such
as ATP and GABA216,218. Cargo can be released with variable kinetics and selectivity216, indicating
regulation of this proteolipidic structure219,220. For example, in β-cells release of peptides such as
insulin takes considerably longer time than the release of neurotransmitters, even from the same
granule178,216. There is evidence that closure of the pore can lead to a selective release of
neurotransmitters, which is thought to have profound effects on paracrine signaling within the
islet216,218. Hence, interfering with the fusion pore dilation is very important for insulin secretion
and may play a role in diabetes. Indeed, it has shown that rat pancreatic β-cells cultured for two
days in high-glucose media (30 mM) showed a significant increase in the fraction of kiss-and-run
exocytosis at the expense of the full fusion221.
Moreover, cAMP-dependent signaling restricts fusion pore expansion and promotes kiss-and-run
exocytosis in β-cells222. More recently, it has been shown that two common anti-diabetic drugs
prevent the dilation of the pore through activation of the cAMP pathway, thereby counteracting
their positive effect on insulin release223. In addition to cAMP-signaling222, dynamin recruitment
to sites of kiss-and-run224 has been linked to fusion pore behavior and prevention of pore expansion
in β-cells223. However, how the endocytic proteins at the release site influence the lipids during
fusion is not clear.
PIs are important for proteins involved in membrane fusion and fission225. Hotspots of PIs exist
at the granule release site226,227, but it is not known whether PIs accumulate at the fusion site or
whether they are synthesized during Ca2+-triggered exocytosis. Indeed, little is known about the
regulation of the fusion pore219, likely due to technical problems to measure this nanometer and
millisecond structure directly in live cells. Thus, further work is needed for a better understanding
of the relative frequency of kiss-and-run exocytotic events.

Fig 3 Life cycle of secretory granule at the plasma membrane
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Diabetes mellitus
In 2017, the International Diabetes Federation (IDF) estimated that approximately 425 million
adults suffered from diabetes and this number is expected to rise to 629 million by 2045228. The
diagnosis of diabetes is based on classic symptoms of diabetes and blood glucose criteria, either
during fasting blood glucose (FBG) level where it exceeds 7 mM (126 mg/dl) on two separate
occasions, or a random blood glucose level over 11.1 mM (200 mg/dl). Alternatively, the 2-h
plasma glucose (2-h PG) value during a 75-g oral glucose tolerance test (OGTT) more than 11.1
mM (200 mg/dl), or hemoglobin A1C (HbA1c) criteria which reflects average blood glucose level
over 2-3 months above 48 mmol/mol (6.5%)229.
Diabetes is classified into different categories including type-1 diabetes, type-2 diabetes,
gestational diabetes mellitus, and disease-related diabetes e.g., monogenic diabetes syndromes,
diseases of the exocrine pancreas (cystic fibrosis and pancreatitis), and drug- or chemical-induced
diabetes229. T2D is the most common form and accounts for around 90% of all diabetic cases1.

Pathophysiology of T2D
It is generally accepted that T2D is a multifactorial disorder associated with genetic predisposition
as well as environmental factors including physical inactivity, obesity, smoking, poor diet quality,
etc230–232. The development of severe disturbances in nutrient and glucose metabolism leading to
T2D results from dysfunction of the endocrine pancreas or abnormal responses to its
hormones233,234. It is now recognized that the gradual fall in β-cell function and insulin sensitivity
termed insulin resistance is one of the early pathophysiologic abnormalities of the disease.
Depending on the target tissue, insulin resistance is accompanied with reduced glucose uptake in
muscles, excessive glucose production in the liver, accelerated lipolysis and elevated circulating
levels of FFAs in adipose tissues233,235–237. This insulin resistance state is observed years before the
diagnosis of T2D. β-cells compensate by increasing insulin secretion to maintain glucose
homeostasis during this time, but their function progressively worsens over time and begins to fail
resulting in the onset of diabetes233,238–240. Concomitantly, α-cells secrete inappropriate amounts of
glucagon, particularly in hyperglycemic conditions14,15. Moreover, it has been postulated that T2D
is associated with inadequate release or response to the postprandial gastrointestinal incretin
hormones114. These pathophysiologic abnormalities should be considered for the treatment of
hyperglycemia in patients with type-2 diabetes.

β-cells in T2D
β-cell failure and insulin resistance in T2D has been the topic of intense investigation for several
decades. It has been agreed that elevated blood glucose level could induce functional and structural
modification on β-cells, leading to an inadequate low level of GSIS241–244. Different mechanisms
underlying β-cells dysfunction include oxidative stress, mitochondria dysfunction, endoplasmic
reticulum stress, islet amyloid deposition, and inflammation processes resulting in a higher rate of
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β-cell apoptosis245–249. Alternatively, the hyperglycemic environment leads to metabolic overload
and dedifferentiation250–253.

α-cells in T2D
In addition to β-cell failure in T2D, disrupted glucagon secretion contributes to the hyperglycemia
associated with the disease14. It has been reported that inappropriate levels of glucagon
(postprandial hyperglucagonemia) in T2D contributes to both fasting254,255 and postprandial
hyperglycemia256–258. Moreover, the glucagon response to hypoglycemia is lost due to islet-specific
changes259. Although the mechanisms underlying glucagon dysregulation in T2D are unclear, it
has been proposed that dysregulated glucagon secretion is related to changes in paracrine signaling
including β-cell dysfunction259 and augmented somatostatin secretion260,261. Evidence for intrinsic
modification of α-cell has showed a loss of glucose-induced suppression of glucagon secretion70.
This phenomenon can be mimicked by application of the KATP channel activator diazoxide or the
mitochondrial ATP synthase blocker oligomycin, suggesting that increased KATP channel activity
in α-cells is possibly involved in defects in T2D70.
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Aims

Pancreatic islet hormone secretion changes over the course of T2D including less insulin and more
glucagon under hyperglycemic conditions, but the basis of these changes is unknown. I
hypothesized that structural and functional modulations occurring within the pancreatic cells
during disease characterize the secretory changes in the progression of T2D. This thesis work was
aimed to clarify the mechanisms underlying insulin and glucagon exocytosis, with focus on
 Paper I, II:
o Determining the basic characterization of insulin and glucagon granule behavior
and exocytosis in dispersed identified islet cells from normal (ND) and T2D human
donors.
o Characterizing the changes in the secretory capacity of pancreatic cells related to
the disease.
 Paper III, IV:
o Determining the role of phosphoinositides (PIs) in the assembly of the exocytosis
machinery and fusion pore regulation in β-cells.
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Materials and methods

Cells
Using human pancreatic islet cells is an appropriate way to systematically investigate different
aspects of the granule life cycle for a range of conditions relevant to pancreatic cell physiology in
normal state and disease. In paper I and II, we used islet cells from over 100 human donors,
including those with T2D. To overcome the limited availability of primary pancreatic cells, cell
lines are used in place of primary cells, and they are cost-effective and easy to use. In paper III and
IV, the murine β-cell line glucose rat insulinoma (INS1) clone 832/13 was used as a model for
studying the function of normal β-cell and insulin secretion. This cell line stably mimics primary
β-cells with good GSIS and exhibits 13-fold increase in insulin secretion in response to glucose
stimulation262 in comparison to the 15-fold increase in primary cells263.

Cell culture
Human pancreatic islets were obtained from the Nordic Network for Clinical Islet Transplantation
Uppsala 264 or the ADI Isletcore at the University of Alberta265 under full ethical clearance (Uppsala
Regional Ethics Board 2006/348 and Alberta Human Research Ethics Board, Pro00001754) and
with the donor families’ written informed consent. The isolated islets were cultured free-floating
in sterile dishes in CMRL 1066 culture medium containing 5.5mM glucose, 10% fetal calf serum
(FCS), 2mM L-glutamine, streptomycin (100U/ml), and penicillin (100 U/ml) at 37°C in an
atmosphere of 5% CO2 up to two weeks. The islets were then dispersed into single cells in 2 mL
cell dissociation buffer (Thermo Fisher Scientific) supplemented with trypsin (0.005%, Life
Technologies) and then gentle pipetting for 30 seconds. The trypsin was then inhibited by adding
4 mL serum-containing medium and centrifuged for 5 minutes at 160 g. The re-suspended cells
were plated onto 22-mm poly-L-lysine coated coverslips and allowed to settle overnight.
INS1-cells were maintained at 37°C/5% CO2 in RPMI 1640 (Life Technologies) supplemented
with 10% fetal bovine serum, streptomycin (100 µg/ml), penicillin (100 µg/ml), sodium pyruvate
(1mM), 1% HEPES (1mM), and B-mercaptoethanol. Cells were plated on poly-L-lysine (Sigma)
coated coverslips and transfected with DNA plasmids using Lipofectamine 2000 (Life
Technologies) in Opti-mem (Life Technologies). PC12-cells were maintained at 37°C/5% CO2 in
DMEM (Life Technologies) supplemented with 5% FBS, 5% horse serum, streptomycin (100
µg/ml), penicillin (100 µg/ml).

24

Cell lines were transiently transfected with DNA plasmids using Lipofectamine 2000 (Life
Technologies) in Opti-mem (Life Technologies). However, primary cells were transfected using
Lipofectamine 3000 (Life Technologies) and/or infected using viral vectors expressing the
fluorescent reporter constructs266. For viral gene transfer strategies, we first developed several
lentiviral vectors, but they showed a low infection ratio. Considering that, we switched to
adenovirus with high transduction efficiencies within pancreatic islets. Cells were imaged 24-34
hours post transfection and infection.

Plasmids and materials
In this project, I used standard and PCR cloning techniques to generate the constructs of interests.
Granule markers: NPY-mCherry183, NPY-tdmOrange2267, and NPY-EGFP183.
PIs markers: PI (4,5)P2 was detected using the EGFP- and mRFP-tagged PH domains of PLCδ1
(PH-PLCδ1-EGFP or PH-PLCδ1- mRFP268), or PLCδ4 (PH-PLCδ4-EGFP, which exhibits ~10fold-lower affinity for PI(4,5)P2269. PI(3,4,5)P3 was detected using the EGFP-tagged PH domain
of the ARF protein exchange factor GRP1 (GFP-GRP1270). PtdIns(4)P was detected using the
EGFP-tagged P4M domain from L. pneumophila SidM (GFP-P4M-SidM271).
Other plasmids: Syntaxin-1-EGFP 185, Munc18-EGFP185, Munc13-1-EGFP272, EGFP-Rab3A273,
EGFP-Rab27A274, The C2-domain fragments of Ca2+ sensor synaptotagmin-1 were labeled on the
N-terminus with (mCherry‐ C2B or mCherry‐ C2AB)275.
Adenoviral vectors: NPY-mCherry 266, NPY-Venus and NPY-tdmOrange2223. In paper II, we
used a system for a cell-type-specific expression, to identify α-cell under the control of preproglucagon promotor, Pppg-GFP276. We generated adenoviral vector carrying NPY-EGFP as
granule markers and under the control of preproglucagon promotor (Pppg-NPY-GFP).
Antibodies: rabbit anti-glucagon (DAKO, A0565), Guinea pig anti-glucagon (DAKO, A0564).
For immunostaining, cells were fixed with paraformaldehyde 4%, permeabilized with TritonX-100
and immunostained by overnight incubation with polyclonal rabbit anti-glucagon primary
antibodies. Alexa Fluor® 488 labeled secondary antibodies were then applied for two hours in the
dark.
Materials: Somatostatin (Sigma-Aldrich), Insulin (Sigma-Aldrich), GABA (Sigma-Aldrich),
adrenaline (Sigma-Aldrich), Forskolin (Sigma-Aldrich), Exendin-4 (Sigma-Aldrich), α-Hemolysin
from Staphylococcus aureus (α-toxin, Sigma-Aldrich), BODIPY® FL Phosphatidylinositol 4,5bisphosphate (BODIPY FL-PIP2, echelon), Kinase inhibitors GSK-A1 (SYNkinase) and
Phenylarsine oxide (PAO, Sigma-Aldrich).
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Methods for studying granule exocytosis
Several methods have been employed to measure pancreatic hormone secretion including
biochemical assays, e.g., ELISA, but they require a large number of cells and are limited by little
temporal resolution. However, the study of single granule exocytosis events is more challenging
and requires advanced methods with extraordinary spatial and temporal resolution. The data in this
thesis is based on measurement of granule exocytosis using imaging and electrophysiology
techniques.

Microscopy imaging
Total internal reflection (TIRF) microscopy
Cells expressing different fluorescence-labeled
protein were imaged using a custom-built TIRF
microscopy that limits illumination to within 100nm
from the plasma membrane, similar to the size of
granule (20-150 nm in radius)277. The superresolution TIRF imaging techniques enable selective
visualization of the site of exocytosis, monitoring
individual granule behavior within cells and therefore
providing information on granule movement,
docking, and fusion. Cells were stimulated by local
puff application of glucose or KCl, which results in
depolarization of the plasma membrane and triggers
secretion (Fig 4).

Fig 4 TIRF microscopy

TIRF microscopy provides better resolution as the optical section is several folds thinner than in
confocal microscopy, thus, better axial resolution. It also provides better sensitivity due to low
signal-to-noise ratio since most of the sample is not illuminated; little background. Furthermore,
this method has much less photobleaching and phototoxicity, allowing long periods of
measurements with less damage to the sample.
Excitation in our setup was from two DPSS lasers at 491 and 561 nm (Cobolt, Stockholm, Sweden)
passed through a cleanup filter (zet405/488/561/640x, Chroma) and controlled with an acoustooptical tunable filter (AA-Opto, France). Excitation and emission light were separated using a
beamsplitter (ZT405/488/561/640rpc, Chroma). The emission light was chromatically separated
onto separate areas of an EMCCD camera (Roper QuantEM 512SC) using an image splitter
(Optical Insights) with a cutoff at 565 nm (565dcxr, Chroma) and emission filters (ET525/50m and
600/50m, Chroma).
Confocal microscopy
We employed confocal microscopy to image immunostained islet cells and study the distribution
of PIs in the plasma membrane. This confocal system is based on a Zeiss LSM780 microscope
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equipped with a 63x/1.40-NA objective (Zeiss) with red (excitation 561nm, emission 578-696) and
green channels (excitation 488nm, emission 493-574).

Electrophysiology
Electrophysiological measurements are widely used in the study of exocytotic events, which is
based on the measurement of cell capacitance in conjunction with whole-cell patch-clamp. It takes
advantages of the fact that a cell’s surface area is directly related to its capacitance (10 fF/µm2).
Cells are stimulated by patch-clamp depolarizations, where exocytosis leads to fusion of a granule
with the cell membrane resulting in more surface area and increase in membrane capacitance. These
changes can be detected with millisecond resolution in individual cells. However, this technique
cannot record during stimulation, or give information about the amount and the identity of the
chemicals released. Therefore it is not sensitive to the content released during the fusion event.
In this work, standard whole-cell voltage clamp and capacitance recordings were performed using
an EPC-9 patch amplifier (HEKA Electronics, Lambrecht/Pfalz, Germany) and PatchMaster
software. Voltage-dependent currents were investigated using an IV-protocol, in which the
membrane was depolarized from -70 mV to +80 mV (10 mV steps) during 50 ms each. Currents
were compensated for capacitive transients and linear leak using a P/4 protocol. Exocytosis was
detected as changes in cell capacitance using the lock-in module of Patchmaster (30 mV peak-topeak with a frequency of 1 kHz).

Image analysis
We measured the colocalization of labeled proteins or
lipids with labeled granules. Locations of well-separated
granules were identified by eye. Fluorescence intensities
were measured as average fluorescence per pixel in the
following regions of interest gained with the use of a journal
in MetaMorph: (1) An area encircling a cell of interest
(cell); (2) a background area outside the cell’s footprint
(bg). Background-subtracted measurements are denoted by
the variable F=cell-bg; (3) circles (c) of 3 pixel diameter
centered within one pixel of the locations of solitary
granules or, more rarely, of PI(4,5)P2 clusters; (4) in an
annulus (a) surrounding the circle with radii of 5 pixel. The
Fig 5 Image analysis
background-corrected annulus value was S=a-bg. We define
ΔF=c−a, which estimates the fluorescence that is specifically localized to a granule (or in some
cases a PI(4,5)P2 cluster) (Fig 5). After normalization for local expression level, this becomes ΔS=
ΔF/S, which is proportional to the apparent affinity of the measured protein to the granule site183.
ΔF/S values were averaged for each cell for single images. For movies, ΔF/S was calculated for
each frame.
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For our object-based analysis, we selected granules (usually in the red channel) that appeared
diffraction-limited and round, were not located at the edge of the cell, and separated from their
neighbors. Analysis of the corresponding locations in the green channel was carried out
automatically using Metamorph journal functions and Excel.
Candidate docking or undocking events were found manually as granules that approach the TIRF
field with an axial component and become laterally confined for at least 2 frames. Exocytosis
events were identified manually based on the rapid loss of the granule marker fluorescence178. The
moment of exocytosis was defined as the first significant change from the pre-exocytosis baseline.
Granule density was calculated using a script that used the built-in ‘find maxima’ function in
ImageJ (http://rsbweb.nih.gov/ij) for spot detection. Cluster density was calculated using the above
plugin with noise level set to 150. The total number of granules, exocytosis, and docking events
were normalized to each cells’ contact area with the coverslip (footprint). Candidate docking or
visitor events were found manually as granules that approached the TIRF field. We define docking
as granules that remain confined for 65 seconds; visitors were those granules that remained for less
than 65 seconds after appearing at the plasma membrane. Granules that were less than 1 μm from
the edge of the cell were excluded. Unless otherwise specified, images are displayed linearly autoscaled based on their minimum and maximum brightness.

Statistics
Data are presented as mean ± SEM unless otherwise stated. Statistical significance was assessed
using Students t-test for two-tailed, paired or unpaired samples, as appropriate. Significant
difference is indicated by asterisks (*p < 0.05, **p < 0.01, ***p < 0.001). Fitting was done in
Origin (OriginLab Corp, Northampton, MA, USA).
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Results and discussions

Granule docking is rate-limiting during sustained insulin exocytosis
Insulin granules need to tether to the plasma membrane and undergo docking and priming in order
to release in a biphasic pattern. This reflects different pools of insulin granules with different
release probability152,278–280. In paper I, we have used TIRF microscopy to identify the
morphological and molecular basis for the biphasic secretion of insulin in ND and T2D human βcells. We found that in ND β-cells, docked granules underwent exocytosis in response to high
glucose (10 mM) in a biphasic pattern reflecting exocytosis of two functional subsets of secretory
granules. The first rapid phase (18 granules/min) was strictly dependent on the availability of
docked and primed insulin granules and was strongly affected by β-signaling (GLP1, somatostatin)
through a change in the rate of priming. However, the slower sustained second phase (10
granules/min) was limited and balanced by docking of new granules at the plasma membrane. The
rate of exocytosis exceeded the rate of docking, leading to partial (> one third) depletion of docked
granules. Stimulation with elevated K+, which avoids metabolic pathways by direct depolarization,
resulted in similar observation with 20-fold faster kinetics than 10 mM glucose. These findings
question the notion that docked granules could sustain insulin secretion for several hours55,153 and
that priming would, therefore, be rate-limiting for secretion. This inconsistency could be explained
by partial depletion of docked granules by exocytosis, i.e. about half of the docked granules
remained on the plasma membrane and could not be released regardless of the stimulation protocol,
which suggests the existence of granules in a dead-end docked state, as previously identified in
chromaffin cells281. Another reason could be that the granule cycle is in and out of the docked state,
leaving many recently docked granules that are not yet released readily. The estimated rate of
undocking (16 granules/min) suggests that every docked granule is replaced roughly every hour.
Since priming occurs at the plasma membrane 177,178,281 and is relatively slow (median 10 minutes),
many docked granules are not yet fusion competent for release.
In this work, all exocytosis events resulted from granules that had been already docked for an
extended period (>90 s). This is consistent with previous observations in human β-cells177, but
contrasts with observations of “newcomer” or crash exocytosis, where granules fused within
seconds of their arrival at the plasma membrane omitting the docking step165,282,283. The exact
reason for this discrepancy is still unclear. While it may be reflecting species differences, technical
aspects have to be considered. We were careful to design experiments that resulted in minimum
bleaching of the granule fluorophore and were able to follow individual granules from the moment
of docking until exocytosis or undocking. Our definition of the docked state is based on both
membrane proximity and mobility, and given the relatively large diameter of insulin granules; it is
unlikely that differences in the TIRF illumination can explain the discrepancy.
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Granule docking machinery is impaired in type-2 diabetes
Insulin release is not sufficient in T2D, but previous studies using electron microscopy had failed
to detect differences in docked granules between ND and T2D β-cells284. However, the distribution
of granules was altered by the diabetic risk alleles285. We tested the hypothesis that impaired
docking underlies the reduced secretion of insulin in T2D. Our data showed that the number of
docked granules in T2D cells was approximately one-third less than that of ND cells and the
number of exocytosis events was less than 20% of that of ND cells when stimulated with high
glucose and K+ separately. Moreover, the density of docked granules correlated well with both islet
glucose-stimulated insulin secretion (GSIS) and K+-stimulated exocytosis and anti-correlated with
donors’ HbA1C, consistent with the less insulin release in T2D. This is because of a lower rate of
successful docking events (5-fold less frequent in T2D than ND), while the frequency of granule
arrival at the plasma membrane was similar in ND and T2D cells (50 granules/min). This suggests
defects in the molecular attachment of granules to the release site underlie the decreased docking
in T2D. Our expression analysis indicates that genes corresponding to docking and docking-related
proteins (syntaxin1, Munc18, Munc13, Rim2, rab3a, and rabiphillin3a) are specifically
downregulated in T2D, and probably also in the pre-diabetic state. Overexpression of these proteins
in human β-cells increased the number of docked granules, proposing that they might be limiting
for example as a platform onto which incoming granules can be recruited.

Paper I

Glucose accelerates docking
Glucose slowly enhanced granule docking (half time of 10 minutes), which provides a possible
explanation for the acceleration of GSIS during the 2nd phase. None of the major signaling
pathways of β-cells affected granule docking. However, these signaling pathways acted at granule
priming since activation of cAMP or PKC pathways increased granule exocytosis and inhibition
was observed when somatostatin was used. Likewise, exocytosis in itself did not cause a change in
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the docking rate, but we noticed that the rates of undocking scaled with the number of docked
granules. As a consequence, during the 1st phase, rapid exocytosis led to an imbalance between
docking and undocking until recovery of granules lost by exocytosis. Conversely, accelerated
docking in elevated glucose will initially not be balanced by undocking and therefore lead to a new
equilibrium at a higher density of docked granules. This could explain both the regulation of docked
granules at rest, stimulation and recovery status. Recovery of releasable granules in T2D cells was
much slower than that in ND cells. Therefore, it is speculated that an underlying cause of T2D is
the sharply reduced successful docking events on the cell plasma membrane.

Glucagon granules undergo exocytosis in a biphasic manner
Even though glucagon secretion from pancreatic α-cells is fundamental for glucose homeostasis,
little is known about the physiology of α-cells. In paper II, we used adenoviral vector controlled by
pre-proglucagon promoter (Pppg-GFP or Pppg-NPY-EGFP) to detect α-cells. We took advantage
of using high-resolution TIRF microscopy in order to understand α-cells physiology and important
aspects of glucagon exocytosis. We showed that glucagon granules are secreted by fusion of
granule membrane and the plasma membrane during regulated exocytosis. Depolarization of the
cells using elevated K+ and capacitance measurements revealed biphasic kinetics of exocytosis,
with an initially slightly higher frequency of exocytosis that slowed after the first few seconds. This
indicated that glucagon granules exist in at least two states with different release probabilities. In
analogy with other (neuro)endocrine cells, these are referred to as the readily releasable pool of
granules (RRP) and a larger reserve pool (RP)84,152,286. Our data indicated that reserve pool granules
reside at the plasma membrane for extended periods before undergoing exocytosis. This could be
explained by relatively slow conversion from RP to RRP that reflects the molecular assembly of
the secretory machinery at the release site, which is similar to the situation in β-cells 185,287. We
also showed a partial depletion of docked granules in response to elevated K+, suggesting that
recovery of docking to replace granules lost by exocytosis is a relatively slow process. Throughout
the glucose range, the rate of exocytosis was nearly identical to that of granule docking, suggesting
that docking is rate-limiting for glucagon secretion.

Glucose regulates glucagon secretion through intrinsic and paracrine
mechanisms
Although glucose is a primary negative regulator of glucagon secretion, the mechanism by which
glucose exerts this effect is still debated17,69,70. In paper II, we provided evidence for both intrinsic
regulation and paracrine effects, i.e., glucagon secretion was mostly under intrinsic control in
hypoglycemic conditions, but paracrine control was more effective in hyperglycemic conditions.
First, we showed that in the absence of paracrine influence, isolated α-cells responded
appropriately to hypoglycemia with an increase in glucagon granule exocytosis. This glucosedependent inhibition was absent in the hyperglycemic range, leading to a U-shaped response with
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minimal exocytosis at 7 mM and maximal exocytosis at 1 and 20 mM glucose. This is in contrast
to intact islets, in which glucagon secretion is depressed between 3 and 20 mM glucose. Further,
we showed that a number of docked granules and the rate of granule docking displayed similar
bimodal relationship with the glucose concentration. Evidently, appropriate glucagon secretion in
the hyperglycemic range is lost in isolated α-cells, and paracrine inhibition is likely responsible for
the physiological response in this range. Indeed, our data revealed that insulin, somatostatin, and
GABA had a rapid inhibitory effect on α-cell exocytosis, while adrenalin had stimulatory actions.
This is consistent with the known effects of these compounds on islets, as well as systemically64.
However, none of these molecules affected the density of docked granules. This suggests that
paracrine factors modulate α-cell exocytosis independently of granule docking, likely at the level
of granule priming.

Glucagon exocytosis machinery is slightly affected by Type-2 diabetes
Limited knowledge regarding the physiology of normal α-cells has resulted in not much clarity on
how is glucagon secretion affected in T2D. Even though circulating glucagon is elevated in T2D2,
we found that the capacity for both glucose-dependent and K+depolarization-induced exocytosis
was slightly reduced in α-cells from T2D donors, while electrophysiological parameters were
normal. Supporting this finding, we also noticed that exocytosis and docked granules were
moderately anti-correlated with donor’s HbA1c. Further, we showed that cells from T2D donors
behaved mostly identically to cells from ND donors, with the same bimodal dose-response to
glucose and no significant differences at any of the tested concentrations. This argues that, if
anything, the exocytosis machinery in T2D works slightly sicker than that in ND. Any
hypersecretion of glucagon should, therefore, be due to other mechanisms, such as the regulation
of α-cell electrical activity and paracrine regulation. At least theoretically, hypersecretion could
also result from increased packaging of glucagon into granules, but we did not see any evidence
for this in our immunostaining. Importantly, exposure to insulin and somatostatin had much less
inhibitory effect on glucagon exocytosis in cells from T2D donors. This suggests that resistance to
insulin and somatostatin could be the leading cause of inadequate glucagon secretion in type-2
diabetes288.
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Paper II

Homogeneous distribution of PIs in the plasma membrane of live cells
Granule docking is rate-limiting during sustained pancreatic hormone exocytosis (paper I, II). In
paper III, IV, we questioned the roles of PIs in exocytosis. It has been proposed that PIs regulate
secretory granule docking by co-clustering with syntaxin to form a docking receptor in the plasma
membrane. It has previously been shown that PI(4,5)P2 distribution in isolated membrane sheets
of neuroendocrine PC12-cells is punctate289, and these clusters of PI(4,5)P2 partially co-localize
with granules194,195. In contrast, the expression of the PI(4,5)P2 sensor PLCδ1-PH in live
neuroendocrine PC12-cells results in uniform plasma membrane labeling, but the expression of a
lower affinity PI(4,5)P2 sensor, PLCδ4-PH, results in the appearance of high-concentration
domains of the lipid290. In paper III, we investigated the distribution of PIs in the plasma membrane
in live insulin-secreting cells (INS-1 cells and human β-cells) and asked how the presence of PI
affects clustering of syntaxin. We employed the EGFP-labeled PH domains of phospholipase C
(PLC)-δ1 (high-affinity PI(4,5)P2 sensor), PLC-δ4 (low-affinity PI(4,5)P2 sensor), Grp1
(PI(3,4,5)P3), and P4M domains (PI(4)P). All tested PI markers distributed evenly in the plasma
membrane of live INS1-cells, human pancreatic cells, and PC12-cells. Because of the labeling of
PIs with GFP or dye conjugates showed no clear high-concentration domains of PIs, it was not
possible to detect any noticeable overlapping between granules and PIs. In fact, we showed
syntaxin clusters in the PM under basal conditions, and these clusters overlapped with a subset of
granules with no notable domains of PIs. This is in contrast with previous work that has
demonstrated clustering of PI(4,5)P2 and PI(3,4,5)P3 in membrane sheets and model
membranes190,194,195,289. Since EGFP-based PI sensors might be unable to detect PIs that are coclustered with proteins such as syntaxin, we imaged PI distribution using an alternative labeling
strategy. We supplied a tail-labeled PI(4,5)P2 to the cells (BODIPY FL-PIP2), which readily
incorporated into the plasma membrane and resulted in relatively uniform distribution with no
preferential localization of BODIPY FL-PIP2 to granules.
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PI microdomains like those previously reported194,195,290 could only be observed when the cell
membrane was ruptured using α-toxin, which makes holes in the membrane that resulted in
enhanced PI clustering. Under these conditions, we identified punctate domains of PI markers,
including PH-PLCδ1-EGFP, PH-PLCδ4-EGFP, 4GFP-GRP1, or EGFP-P4M-SidM. However,
these induced PIs clusters were weakly associated with labeled granules.

PI(4,5)P2 is required for priming but not for docking
We provided new evidence that stable new docked granules induced formation of new syntaxin
clusters185, but not PI(4,5)P2 clusters at the contact site. This indicated that a high concentration of
PI(4,5)P2 cluster formation is not required for stable granule docking on the contrary to syntaxin
clusters. However, PI(4,5)P2 depletion inhibited elevated K+ stimulated exocytosis by 85%, with
no influence on granule density or syntaxin clustering. This indicated that docking and syntaxin
cluster formation could occur in the presence of a low concentration of PI(4,5)P2, but the priming
would be severely affected at this level of PI(4,5)P2.

Paper III

PI(4)P and PI(4,5)P2 clusters are formed at fusion sites
In paper IV, to understand if PI clusters can be visualized during the life cycle of the granule, we
characterized the spatial-temporal regulation of PIs during secretory exocytosis pathway. After
docking of granules to the plasma membrane in both INS-1 cells or primary human pancreatic βcells, exocytosis of individual granules occurred, visually, with two phenotypes: flash, and full
fusion events. In flashes, the rapid loss of the granule marker was preceded by an increase in its
fluorescence that could last for several seconds, corresponding to dequenching of the pH-sensitive
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granule marker in the restricted fusion pore formation. In full fusion, the fluorescence of a granule
was stable until it suddenly disappeared upon exocytosis, and all granule content was released at
once. We observed accumulation of both PI(4)P and PI(4,5)P2, but not PI(3,4,5)P3, at fusion sites
just before the fusion and release of granule cargo. Interestingly those PI(4)P and PI(4,5)P2 clusters
were accompanied mainly with events with flash, to modify the two newly juxtaposed membranes,
contributing to the acquisition of fusion competence.
Further, we investigated the basis of these clusters formation, and we found that PI(4)P and
PI(4,5)P2 were sequential synthesized through the activities of PI4Ks and PIP5Ks, rather than
recruiting from other places. We then showed that PI(4)P served mainly as a precursor for
PI(4,5)P2, due to the finding that blocking PI4Ks activity resulted into the loss of PI(4)P signal with
no such noticeable changes regarding exocytotic events. However, loss of PI(4,5)P 2 signal
associated with a substantial reduction of exocytotic events mainly ones with flash. PI(4,5)P2 has
been proposed to account for at least part of the requirement for MgATP in the priming process206,291.
This led to a conclusion that microdomains of PI(4,5)P2 intrinsically act to restrain membrane
fusion but also serve as an essential cofactor to mediate protein recruitment, which promotes
stabilization of fusion pore.

PI(4,5)P2 regulates the fusion pore formation and lifetime
PI(4,5)P2 recruits several proteins to their site of action292. These include proteins that exhibit
specific regions for PI(4,5)P2 binding, either PH, PX, ENTH, or positively charged BAR domains.
In paper IV, we showed that the kinetics of both PI(4,5)P2 and protein clustering at PM were
similar. We questioned whether PI(4,5)P2 clustering induced recruiting of its binding proteins or
the opposite (e.g., amphyphysin2293). Pharmacologically inhibition of PI(4,5)P2 production led to
the exocytosis rate reduction, but amphiphysin was still bound to the granule fusion site. This
indicates that amphiphysin probably binds first. However, its strong effect on the fusion pore
restriction is lost, suggesting the synthesized PI(4,5)P2 is responsible for the stabilization of
restricted fusion pores.

Paper IV
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Conclusions

In cells from over 100 human donors, including those with type-2 diabetes, I systematically
quantified aspects of the granule life cycle, including rates of docking, priming, exocytosis, and
recovery, for a range of conditions relevant for pancreatic islet cell physiology.
I show by live-cell TIRF imaging that the process of granule docking is rate-limiting for exocytosis
of insulin and glucagon granules. Importantly, docking and exocytosis were reduced strongly in βcells, and slightly in α-cells from type-2 diabetic donors, which correlated with elevated donor
HbA1c. My data indicate that intrinsic regulation alone could not explain the physiological
glucagon response. Instead, the paracrine factors insulin and somatostatin inhibit exocytosis within
seconds. It appears most likely that intrinsic control predominantly regulates the α-cell under
hypoglycemic conditions; increasing glucagon secretion as glucose decreases. Nevertheless, under
hyperglycemic conditions, β- and δ- cells are more active and paracrine control takes hold,
suppressing glucagon secretion. Remarkably, α-cells of T2D are insensitive to this inhibition,
suggesting that, in T2D, hyperglucagonemia under hyperglycaemic conditions, results mostly from
defects in paracrine regulation, while absent glucagon responses involve aberrations in intrinsic
glucose sensing. We further report reduced expression of genes (by large scale RNAseq) implicated
in granule docking in β-cells.
We then investigate the role of PIs during docking. We show the homogenous distribution of all
PI markers in the plasma membrane, with no PIs microdomains at the release site during granule
docking in contrary with syntaxin-1A clusters formation upon docking. Depletion of PI(4,5)P2 does
not affect docked granules or syntaxin-1A clusters. However, it inhibits evoked exocytosis, which
suggests the role of PI(4,5)P2 in fusion regulation. We confirm the critical role of PI(4,5)P2 in later
steps of regulated exocytosis, e.g., priming and fusion pore regulation. PI(4,5)P2 is transiently
clustered at the fusion pore site, which leads to the recruitment of proteins involved in stabilizing
of the fusion pore. Moreover, we show that acute changes in PI(4,5)P2 affect the behavior and
lifetime of the exocytotic fusion pore.
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الملخص باللغة العربية

يتم تنظيم و مراقبة استتباب السكر يف الدم عن طريق العديد من األنسجة ،لكن خاليا الغدد الصماء يف جزر
ر
استقالب
األكث أهمية .يؤدي الخلل يف هذه الخاليا إىل داء السكري  ،وهو اضطراب
ه
ي
النغرهانس يف البنكرياس ي
يصيب ماليي ر
البش حول العالم ،ولكن اآلليات األساسية لهذا المرض ال تزال غث مفهومة بشكل جيد.
حي ترتفع مستويات سكر الدم ،يتم إفراز هرمون االنسولي من خاليا بيتا الموجودة يف جزر النغرهانس ,يف حي
تفرز خاليا الفا كميات مثايدة من الغلوكاغون يف حاالت انخفاض مستويات سكر الدم .يتم تخزين كل من االنسولي
والغلوكاغون يف حويصالت إفرازية تسبق التحرر عن طريق اإلخراج الخلوي ) (exocytosisأو اإليماس .تتضمن
عملية اإلخراج الخلوي عدة خطوات تحضثية ،بما يف ذلك انتقال الحويصالت اإلفرازية إىل غشاء الخلية ،ارتباطها
مع الغشاء ) ، (dockingومن ثم التحام غشاء الحويصالت مع غشاء الخلية وبالنتيجة اإلفراز الخلوي الذي يتبع
ُ
أساس عن مجموعات مختلفة من الحويصالت اإلفرازية،
ثناب الطور ناتج بشكل
ثناب الطور .يعتقد أن اإلفراز ي
منىح ي
ي
ولكن ال يوجد هناك دليل ر
مباش عىل ذلك.
يهدف هذا البحث إىل دراسة تحرر كل من االنسولي و الغلوكاغون من خاليا البنكرياس يف الحالة الطبيعة كما يف
حال االصابة بالداء السكري من النمط الثاب ف ر
أكث من  100متثع ر
بشي .تؤكد نتائج هذه الدراسة عىل أهمية ارتباط
ي ي
الحويصالت اإلفرازية مع الغشاء الخلوي ) (dockingلضمان إفراز مستمر للخاليا الفا وبيتا .كما وتبي النتائج
ً
ً
الثاب ،حيث أظهرت خاليا الفا مقاومة
انخفاضا بسيطا يف افراز الغلوكاغون يف حال االصابة بالداء السكري من النمط ي
للسوماتوستاتي واالنسولي بشكل ملحوظ .بالمقابل أدى الداء السكري إىل انخفاض حاد يف مستويات االنسولي
نتيحة نقص كبث يف عدد حويصالت االنسولي اإلفرازية القادرة عىل الوصول واالرتباط بغشاء الخلية .تم تأكيد هذه
الجين عن مجموعة من المورثات المسؤولة عن ارتباط الحويصالت مع الغشاء
النتائج من خالل اكتشاف أن التعبث
ي
ً
ر
ر
)(dockingكان منخفضا بشكل واضح (بواسطة  RNAseqمن الجزر من أكث من  200متثع بشي).
ً
بشكل عام  ،يفتح هذا البحث آفاقا جديدة لآلليات الكامنة وراء إفراز هرمون البنكرياس يف كل من الظروف الصحية
ً
ومرض السكري مما يتيح فهما اوضح آلليات المرض وابتكار طرق عالجية أفضل.
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