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       ABSTRACT 
 
Regulated exocytosis is a sophisticated, well-organized and conserved multistage process 
underlying release of both neurotransmitters and hormones. Exocytosis is mediated by SNARE 
proteins that act at the center stage by forming a SNARE complex with the intrinsic capability 
to execute membrane fusion. In addition, supplementary protein families and also mechanisms 
such as protein phosphorylation are emerging as critical fine-tuning and regulatory components. 
SNARE proteins are also crucial for regulated insulin secretion from pancreatic β-cells. In 
response to elevated glucose levels β-cells secrete insulin, the fundamental metabolic and 
glucose homeostasis regulating hormone.  
To resolve molecular mechanisms and components operating in the regulation of insulin 
exocytosis from β-cells, we have in this work investigated the expression, subcellular 
distribution and functional significance of Cdk5 activators p39 and p35. We demonstrate that 
both p35 and p39 are present in primary β-cells, and that Cdk5, activated by the p39 subunit, 
augments Ca2+-induced insulin exocytosis. Moreover, we show that Cdk5/p39 acts, at least 
partly, by phosphorylation of Munc18-1, a member of the SM protein family. To explore the 
potential presence of additional Cdk5 substrates mediating enhancement of insulin release, we 
investigated the role of a supplementary Munc18 variant, Munc18-2. By transient 
overexpression studies using WT and kinase phosphorylation mutants of Munc18-1 and 
Munc18-2 proteins we established a difference in the subcellular compartmentalization of the 
two Munc18 isoforms and a stimulation-induced redistribution of Munc18-1. These results also 
illustrate the importance of the phosphorylation events in cycling and localization of SM 
proteins, in particular of Munc18-1. With further investigations of the two homologous Munc18 
isoforms, employing slow uncaging of Ca2+ followed by high-time resolution membrane 
capacitance recordings, we prove that phosphorylated Munc18-1 and Munc18-2 as well as both 
Cdk5 activators, p35 and p39, modulate the heterogeneity of Ca2+-sensitivity and kinetic 
dynamics of insulin exocytosis. 
Detailed evaluation of the significance of the p39 activator was performed using a combination 
of in vitro techniques, on the level of individual β-cells and pancreatic islets, and in vivo 
investigations in a mouse mutant lacking the p39 protein. The loss of the p39 activator result in 
abnormalities related to β-cell function and insulin exocytosis. In addition to deficiencies in 
release kinetics, Ca2+-sensitivity of exocytosis and impaired VGCC activity recorded in single 
β-cells, p39-deficient mice exhibit insufficient glucose tolerance and lower serum insulin levels. 
These observations suggest that the p39 activator is an essential component for an adequate 
secretory response and glucose homeostasis in β-cells.  
By investigating other components that may also be involved in the spatial and temporal 
regulation of insulin exocytosis, we here report the presence and inhibitory effect of tomosyn, a 
syntaxin 1 associating protein.  
To be able to describe and comprehend different steps of the insulin secretory pathway we have 
studied novel molecular mechanisms and components of regulated membrane fusion. Taking 
advantage of in vitro and in vivo techniques, insulin exocytosis was investigated at different 
levels of biological complexity, from single β-cells to the level of the whole organism. In this 
thesis work we provide evidence that different Munc18 isoforms, p39 and p35 activators and 
the tomosyn protein, in concert with dynamic fine-tuning mechanisms such as phosphorylation, 
are involved in the regulation of the complex insulin secretory cascade. 
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1 INTRODUCTION 
 
1.1 EXOCYTOSIS  
Intracellular vesicle trafficking and fusion with the plasma membrane are fundamental 
cellular processes regulated by a sophisticated protein machinery and a diversity of 
protein-protein interactions. Although involving a huge number of regulators and 
specific mechanisms accounting for special features and cellular milieus, exocytosis is 
highly conserved among species [1-5]. Most of the cells in our body secrete various 
substances by constitutive exocotysis [6]. This pathway accounts for a constant 
discharge of molecules from the cell regardless of stimulatory factors. Regulated 
exocytosis occurs only in response to a specific triggering stimulus and is fundamental 
in specialized secretory cells like neurons, endocrine and exocrine cells [7-10]. Two 
different modes of regulated exocytosis, fast and slow, are distinguished in the 
literature. Fast secretion involves two types of secretory vesicles, synaptic vesicles 
(SVs) in neurons and synaptic-like microvesicles (SLMVs) in neuroendocrine and 
endocrine cells. Slow exocytosis comprises release of peptides from large dense core 
vesicles (LDCVs) in neurons and neuroendocrine cells and hormonal secretion such as 
insulin release from secretory granules (SGs) in pancreatic β-cells [11-13].  
  
1.1.1 The exocytotic pathway 
The exocytotic process is a multistep pathway where membranous secretory vesicles go 
through a certain number of stages in order to finally release their content [14, 15]. The 
functionally different stages, each one well organized and when needed modulated by 
different mechanisms like phosphorylation, are defined as: tethering, docking, priming 
and fusion (Fig. 1A). The steps preceding fusion are preparing secretory vesicles for a 
controlled release of their content. The release occurs either by full fusion, two 
membranes melting together and completely secreting their content, or by partial 
transient release and withdrawal of vesicle membrane, referred to as “kiss and run” 
exocytosis [16, 17]. Definition of each stage and the underlying molecular basis that 
requires different protein interactions and modulations are still a debated issue. 
Tethering is defined as a state preceding formation of the SNARE (soluble N-ethyl 
maleimide sensitive factor attachment protein receptors) complex with tethering 
proteins connecting vesicles to target membranes [18, 19]. Docking, revealed by 
electron microscopy (EM), comprises vesicles close to (≤ 30-50 nm) and tightly 
attached to the target membrane [20]. This step can be dissected in different molecular 
states (Fig. 1A) depending on the stability of the docked vesicle, but the clear molecular 
basis for this phenomenon is still undefined [21]. The monomeric GTPase Rab27 
subfamily and Rab effectors have recently been proposed as the main regulators of 
tethering and docking stages [22, 23]. Priming is an ATP (adenosine triphosphate) 
dependent process considered to make vesicles fusion competent and it is described as 
a state when the trans-SNARE complex is established and vesicles are ready to fuse 
[24, 25]. The trafficking of secretory vesicles towards fusion is enabled and regulated 
by the dynamic actin network and protein modulators. A dual role for actin 
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cytoskeleton has been identified, acting both as an essential physical barrier preventing 
exocytosis, but also as a crucial component facilitating some of the exocytotic steps 
[26, 27]. The raise in the intracellular Ca2+-concentration, ([Ca2+]i), represents the 
primary stimulus for exocytosis in many cells (Fig. 1A). Ca2+ is a second messenger 
with well-established short- and long term effects on secretion, either by activating 
protein kinases or by binding to Ca2+-sensor proteins [28-31]. Secretory vesicles do not 
form a uniform population; they are functionally categorized in different pools. The 
majority is localized in the cell interior in a reserve pool (RP), while a limited number 
is residing close to the release site at the plasma membrane, in a readily releasable pool 
(RRP) (Fig. 1A) [11, 15].  
 
A    B 

   
   

 
Figure 1. A, Schematic illustration of different steps of regulated exocytosis. Secretory vesicles 
translocate to the plasma membrane where they tether and dock. In the next step, named priming, 
vesicles achieve fusion competence. Elevation of the intracellular Ca2+-concentration triggers 
exocytosis of primed vesicles. Secretory vesicles reside in different pools. The majority localize in a 
reserve pool (RP) in the interior of the cell. The docked pool contains vesicles attached in the vicinity 
(≤ 30-50 nm) of the plasma membrane, while the readily releasable pool (RRP) comprises a small 
fraction of primed vesicles situated close to the fusion site and ready for immediate release. B, The 
basic secretory machinery. Three SNARE proteins, SNAP-25, syntaxin 1 and synaptobrevin/VAMP, 
play a central role in exocytosis and are anchored in target- or vesicular membranes. During membrane 
fusion SNARE proteins combine and arrange into a highly stable SNARE complex which enables release 
of the vesicular content. 
  
 
1.2 THE BASIC SECRETORY MACHINERY; SNARE PROTEINS AND THE 

SNARE COMPLEX 
Many protein families are directly or indirectly involved in the docking, priming, 
triggering and fusion cascade of regulated exocytosis [32, 33]. Overwhelming evidence 
exists that SNARE proteins, also considered as the minimal equipment for actual fusion 
of two membranes, act at the center stage [1, 34, 35]. SNAREs, crucial key components 
of the exocytotic machinery, are characterized by an evolutionary conserved 60-70 
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amino acids sequence; a SNARE motif. Mammalian cells express more than 30 
different SNARE proteins [36-38]. They are classified in two categories: v(vesicle)- 
and t(target)-SNAREs depending on their localization, or more accurately according to 
Q/R categorization depending on their contribution of either glutamine (Q) or arginine 
(R) to the central SNARE complex layer [39]. The essential role of SNAREs in 
neuronal secretion was demonstrated by application of botulinum neurotoxins which 
resulted in a specific proteolysis and block of the neurotransmitter release [40, 41]. 
According to the SNARE hypothesis, proposed in 1993, specific v-SNAREs paired 
with cognate t-SNAREs are sufficient as mediators of fusion of two opposing 
membranes (Fig. 1B) [42]. This working model has since then been further developed 
and the current hypothesis emphasizes the presence of complementary regulatory 
components [9, 43]. The most extensively studied and characterized SNARE proteins 
are: synaptobrevin/vesicle-associated membrane protein (VAMP), syntaxin 1 and 
synaptosome-associated protein of 25 kDa (SNAP-25) (Fig. 1B) [42]. The syntaxin 
family of integral membrane proteins is essential for regulated exocytosis [44]. 
Proteolysis of syntaxin results in docking deficiency and secretion impairment in both 
neurosecretory cells and synapses [45]. Of 15 mammalian syntaxin isoforms, at least 
five (syntaxin 1A, 1B, 2, 3 and 4) are localized in the plasma membrane. Syntaxin 1 is 
cytoplasmically oriented and accessible in two different conformations; open and 
closed, differing in the accessibility for other SNAREs and complex formation [46]. 
SNAP-25, a protein of 206 amino acids, is evolutionary conserved and anchored to the 
plasma membrane by a cluster of palmitoylated cystein residues. By binding syntaxin 1 
and VAMP and forming SNARE complexes, SNAP-25 is an important coordinator of 
neurotransmitter release as well as exocytosis in endocrine and neuroendocrine cells 
[47-49]. VAMP is a short integral vesicle membrane protein of 118 amino acids with a 
proline rich N-terminal, a SNARE motif and a C-terminal transmembrane domain [50]. 
By forming coiled-coiled structures monomeric SNAREs on the opposing membranes 
form an extremely stable and SDS (sodium dodecyl sulfate)-resistant SNARE complex 
in trans-configuration. The SNARE complex is a twisted bundle structure consisting of 
four, in parallel aligned, SNARE motifs. Progressive zippering of the aligned motifs 
from N- to C-teriminals contributes to the merging of vesicle and target membranes by 
releasing energy that is needed for the fusion reaction. During fusion the trans-
conformation is adjusted to a cis-SNARE conformation with all SNAREs residing in 
the same membrane [51-53]. Disassembly of the SNARE complexes, needed for an 
additional round of fusion reactions and reactivation of SNAREs, is mediated by a 
concerted action of the ATPase NSF (N-ehylmaleimide-sensitive factor) and SNAP 
(soluble NSF attachment protein) [1, 36].  
 
1.2.1 Accessory regulatory proteins; Sec1/Munc18 (SM) proteins and 

tomosyn 
The fact that botulinum neurotoxin disruption of SNARE proteins inhibits exocytosis, 
without affecting vesicle targeting, and that cognate SNARE interactions can be 
promiscuous, suggest that additional mechanisms adjusting specificity and temporal 
tuning of exocytosis are present [41, 54, 55]. There are several classes of regulatory 
proteins that, directly or indirectly, independently or in concert with other components, 
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regulate the SNARE complex assembly, activation and function. One of the key 
regulators is the SM protein family, but also priming modulators such as the tomosyn 
protein are crucial [36, 43, 56]. SM proteins are cytosolic, ~ 600 amino acids arch-
shaped proteins indispensible for all vesicle trafficking steps, and with the common 
feature of binding syntaxins [57-59]. In mammals there are 7 SM proteins of which 
three distinct isoforms are involved in membranous vesicle trafficking and fusion: 
Munc18-1, Munc18-2 and Munc18-3, also named Munc18a, b and c [60]. Munc18-1 
was originally identified as a binding partner of the syntaxin 1 protein in brain [61]. 
Munc18-2 is ubiquitously expressed, predominantly found and studied in epithelial 
tissue [62-64]. Munc18-3 is an additional widely expressed isoform involved in insulin 
dependent delivery of  glucose transporter 4 (GLUT4) vesicles to the plasma membrane 
[65]. 
 
1.2.1.1 MUNC18-1 (MAMMALIAN HOMOLOGUE OF THE UNC-18 GENE) 
Munc18-1 is a 67 kDa hydrophilic and cytosolic protein tightly binding to and 
stabilizing the closed conformation of the t-SNARE protein, syntaxin 1 [66-69]. While 
the function of the SNARE proteins is fairly defined, conflicting data concerning the 
precise role and the site of action of Munc18-1 has been reported. The engagement of 
Munc18-1 in different steps of exocytosis appears to be multifunctional, involving 
tethering, docking, priming as well as a direct interaction with the SNARE complex 
[70-73]. The Munc18-1 knock-out mouse mutants [74, 75], show completely abolished 
spontaneous and evoked neurotransmitter release but normal vesicle docking, which 
suggests that Munc18-1 is necessary in the late stages of exocytosis. In contrast, 
observations in knock-out adrenal chromaffin cells strongly suggested that Munc18-1 is 
critical docking factor acting upstream of fusion [76, 77]. Additional roles of Munc18-1 
comprise an early upstream effect on the size and refilling of the RRP [72], modulation 
of the fusion pore size and acceleration of fusion [78-81]. Different models have been 
proposed to explain Munc18-1 occupations in temporal and spatial regulation of 
secretion. One of the oldest hypothesis postulates that the negative role is accounted for 
by binding to and sequestering the closed conformation of the syntaxin 1 protein, 
thereby regulating its accessibility and restricting the assemble of the SNARE complex. 
Supporting this presumption, overexpression of nSec1 orthologs in Drosophila and 
C.elegans inhibited neurotransmission [82-85]. The idea that Sec1 related proteins 
negatively regulate fusion is not consistent with the loss of function mutants that show 
various grades of disruption in membrane trafficking pathways [74, 86-88]. 
Furthermore, the overexpression of the Munc18-1 protein in chromaffin cells rather 
increased exocytosis [77, 89], and in insulin secretion both augmenting and inhibitory 
roles of Munc18-1 have been established [90-92]. Another hypothesis proposes 
Munc18-1 as a molecular chaperone important for the targeting and localization of 
syntaxin 1 [93]. One way of clarifying dual roles of Munc18-1 has been to illustrate 
different SM-SNARE protein binding modes [94]. The binding of Munc18-1 to the 
closed conformation of monomeric syntaxin 1, interpreted as a basis for its inhibitory 
character, has been suggested to transit into two additional binding types. So called N-
terminal binding to half-open syntaxin 1 and binding to a fully assembled SNARE 
complex [95, 96] may underlie the positive function and may be regulated by 
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phosphorylation or fatty acids such as arachidonic acid (AA) [97, 98]. Cyclin 
Dependent Kinase 5 (Cdk5) and Protein Kinase C (PKC) phosphorylations have been 
shown to modulate Munc18-1 function. In cerebellum Munc18-1 has been shown to 
colocalize with Cdk5 and possess kinase activating properties [99, 100]. Cdk5 
phosphorylation on Threonine 574 of Munc18-1 reduces syntaxin 1 interaction and 
promotes disassembly of the Munc18-1/syntaxin 1 complex [101, 102]. The major 
PKC phosphorylation sites in Munc18-1 are at Serine 306 and 313 with the same 
consequence for interaction with syntaxin 1 [103, 104]. The pleiotropic effects of 
Munc18-1 in secretion might be a consequence of its tendency to participate and 
function in different steps or a result of interactions with other exocytotic proteins such 
as the priming factor Munc13-1 [105], granuphilin [92] and the mint protein [106].   

 
1.2.1.2 MUNC18-2 
Munc18-2, also termed Munc18b or muSec1 (mammalian ubiquitous Sec1), is a 
ubiquitously expressed Munc18 isoform prominent in apical secretory epithelia [63, 
107]. Munc18-2 shows high structural resemblance to Munc18-1 and 67 % identity at 
the protein level [38]. Although Munc18-2 expression is often reported in tissues 
lacking endogenous expression of Munc18-1, there are examples of cellular systems 
where both proteins coexist. In the anterior pituitary Munc18-1 is the dominant 
isoform, expressed in all cells in the anterior and intermediate lobe. Munc18-2 is highly 
expressed in the intermediate lobe but both proteins have been shown to colocalize with 
the growth hormone immunoreactivity [108]. In 2003 the presence, dominance and 
regulatory role of Munc18-2, together with other Munc18 isoforms, were reported in 
mast cells, which are specialized secretory cells that release inflammatory mediators by 
regulated exocytosis [109, 110]. Also in pancreatic β-cells Munc18-2 has been proved 
to coexist together with the Munc18-1 isoform [63, 111]. As for Munc18-1, aspects 
concerning the functional importance of Munc18-2 are currently unclear, both positive 
and inhibitory roles have been suggested. In mast cells knock-down of the Munc18-2 
protein caused a significant inhibition of degranulation, which emphasized the positive 
role of Munc18-2 [112]. Another study showed that the overexpression of Munc18-2 in 
the same cell type results in a reduction of degranulation. In epithelial cells the SNARE 
complex formation was reduced upon Munc18-2 introduction [109, 113]. However, 
both Munc18-2 localization and secretory function in mast cells depends on an intact 
microtubule (MT) network suggesting involvement in trafficking of secretory granules 
[109]. The syntaxin binding preference of Munc18-2 is identical to that of Munc18-1, it 
binds to syntaxin 1A, 2, 3 but not to syntaxin 4 [62]. Syntaxin 3 is an established 
interaction partner in mast cells and a molecular homology model based on the syntaxin 
1/Munc18-1 complex structure [114] was used to identify regions and residues 
important for the Munc18-2/syntaxin 3 interaction. Additional recently reported 
functions of Munc18-2 are control of the interaction between synaptotagmin like 
protein (Slp4-a) and syntaxin in parotid acinar cells [115], and regulation of zymogen 
granule exocytosis in non-excitable acinar cells via a novel interaction with the 
cytosolic isoform of the Ca2+ binding protein (Cab45b) [116]. As a phosphorylation 
target of Cdk5 and PKC, Munc18-2 has been sparsely studied. In rat IMCD (inner 
medullary collecting duct) cells it has been speculated that phosphorylation, likely by 
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PKC, disassociates Munc18-2 from syntaxin, thereby enabling insertion of H+-ATPase 
vesicles into the plasma membrane [117]. The requirement for Cdk5 phoshorylation in 
Munc18-2 regulated secretion in epithelial cells has been reported recently [118].  
 
1.2.1.3 TOMOSYN 
Tomosyn, a 130 kDa cytoplasmic protein, is one of the SNARE related regulators 
identified during the last decade. It was isolated as a syntaxin 1 binding partner, 
proficient in displacing Munc18-1 from the complex with syntaxin 1 in rat brain 
extracts, and as a specific modulator of secretion in both endocrine and neuronal cells 
[43, 119]. Besides an originally identified variant named m-tomosyn, two mammalian 
genes (tomosyn-1 and tomosyn-2) are alternatively spliced into seven brain enriched or 
ubiquitously expressed isoforms [120, 121]. All detected isoforms share a C-terminal 
VAMP homologue domain capable of displacing VAMP [122] and participating in a 
SNARE complex construction, structurally similar to the regular SNARE complex but 
with questioned fusogenic properties [123, 124]. Via the C-terminal, tomosyn interacts 
with and promotes the closed conformation of syntaxin 1, thereby reducing its 
accessibility and formation of functional SNARE complexes. A variety of data argue 
that tomosyn negatively governs exocytosis in different cell systems, either by 
competing with VAMP or by antagonistically influencing other priming factors [125-
127]. Despite accumulating evidence for a negative impact, studies on neurotransmitter 
secretion, by displacement of Munc18-1 or by tomosyn serving as a kinase 
phoshorylation target, remind of the possible positive functions [119]. RNA 
interference (RNAi) approaches have generated contradictory results supporting both 
positive and inhibitory roles of tomosyn [127, 128]. Moreover, not only the C-terminal 
but also the N-terminal domain, consisting of a ~ 40 amino acids (W&D) long protein 
binding domain (WD-40), seems to be important for a proper function of the tomosyn 
protein [129]. The introduction of modern techniques, such as total internal reflection 
fluorescence microscopy (TIRFM), has improved our understanding of dynamic 
individual exocytotic stages like docking and priming. In a very recent study tomosyn 
has been suggested to have a role in both fusion dynamics of vesicles from different 
releasable pools and in distinct release pathways, which highlighted the complex nature 
of SNARE regulators, not necessarily having a uniform role [130].   
 
 
1.3 REGULATION OF EXOCYTOSIS 
It is today well-established that exocytosis is a subject to both positive and negative 
regulation. Control of the early phases of the exocytotic cascade ensures the specificity 
by restricting unproductive SNARE interactions, while the late regulatory input 
guarantees the stabilization and catalyzation of SNARE pairing [31, 43, 131]. 
Phosphorylation/dephosphorylation, by protein kinases and phosphatases, is one of the 
most important and potent mechanisms regulating and adjusting the function of 
different secretory mediators [132]. SNAP-25, syntaxin 1, VAMP, synaptotagmin and 
Munc18-1 are all established substrates of protein kinases [101, 103, 133, 134]. 
Interaction of SNARE proteins with ion channels has been reported as an additional 
tool for the fine-tuning of membrane fusion [135, 136].  
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1.3.1 Protein kinases and phosphorylation in the regulation of 

exocytosis 
Protein kinases are involved in many cellular processes such as metabolism, regulated 
secretion and neuronal development. Cdk5 is a multifunctional serine/threonine protein 
kinase, pivotal in many cellular processes including brain development, cytoskeleton 
dynamics, cell death, synaptic transmission and hormonal secretion [137-140]. In order 
to achieve activity and thereby be able to phosphorylate the substrates, Cdk5 needs to 
associate with one of its regulatory subunits, p35 or p39 [141-143]. Cdk5 exhibits a 
wide cellular distribution while the activators show limited and specific spatial and 
temporal expression, which probably regulates the place and onset of the kinase 
activity. By phosphorylating the Munc18-1 protein and thereby increasing the 
accessibility of syntaxin 1 for SNARE complex formation, Cdk5 plays an important 
role in membrane dynamics and secretion [101, 102]. Mutant mice lacking the Cdk5 
protein die at birth and display severe abnormalities in neuronal migration and neuronal 
morphology. p35 knock-out mice demonstrate a less severe phenotype and are viable 
and fertile [144, 145]. p39 is an isoform of p35, distinguished  by a C-terminal insert of 
32 amino acids but with the Cdk5 binding region conserved [142]. p39-deficient mice 
do not have any obvious phenotype and the role of p39 is elusive since the p35 
activator is believed to be the main subunit in brain, compensating for the absence of 
p39 [146]. Partial p39 compensation for the p35 function in early development of brain 
has been reported, but seems not to be sufficient at the later developmental stages [146, 
147]. Different functions of p35 and p39 have been demonstrated [147-150]. The p39 
activator coimmunoprecipitates and colocalizes with filamentous actin and the 
cytoskeleton in neurons and in the ocular lens [147, 151], and acts in cytoskeleton 
regulation. p39 is also, together with Cdk5, expressed in the anterior pituitary affecting 
both hormone exocytosis and actin organization [152]. PKC is another serine/threonine 
kinase activated by Ca2+ or via the diacylglycerol (DAG) signaling pathway. The PKC 
kinase family consists of more than 10 known protein isoforms divided into three 
subgroups [153]. Different assays have demonstrated that kinases of the PKC family 
affect and modulate different aspects of exocytosis, such as the size of the RRP, 
kinetics of exocytosis, Ca2+-threshold for secretion, fusion pore opening and synaptic 
plasticity [154, 155]. Some of the identified PKC phosphorylation targets are: 
synaptotagmin, syntaxin 4, SNAP-25 and the Munc18-1 protein [104]. 
 
 
1.4 REGULATED EXOCYTOSIS OF INSULIN  
Diabetes mellitus is a chronic metabolic disorder leading to severe medical 
complications. The two major forms are diabetes type 1, an autoimmune disease 
resulting in destruction of β-cells, and type 2 diabetes, also referred to as non-insulin 
dependent diabetes mellitus (NIDDM). The more prevalent type 2 diabetes is 
characterized by increased levels of blood sugar as a consequence of defective β-cell 
function and insufficient supply of insulin, insulin resistance or a combination of both 
[156]. Type 2 diabetes is increasing at an alarming rate emerging as a global health- 
and economical burden, accounting for about 90 % of the diabetic population. Insulin 
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plays a central role in the control of glucose homeostasis and the lack of insulin leads 
to serious metabolic disturbances that are characteristic for diabetes. 
 
A    B 

                               
         

Figure 2. A, Simplified illustration of the stimulus-secretion coupling pathway in pancreatic β-cells. 
Glucose enters the cell via GLUT-1 and GLUT-2 transporters and is metabolized to increase the 
intracellular ATP/ADP ratio. Elevation of the ATP/ADP ratio leads to closure of ATP-sensitive KATP -
channels and promotes membrane depolarization. Glucose-induced depolarization triggers the opening of 
voltage gated Ca2+-channels (VGCCs) and Ca2+-influx. Increase in the intracellular Ca2+-levels, [Ca2+]i, 
induces fusion of insulin containing secretory granules with the plasma membrane (PM) and mediates 
insulin exocytosis. B, Biphasic glucose-stimulated insulin release. The first fast and transient phase of 
insulin release involves a limited number of insulin granules that reside in the readily releasable pool 
(RRP). The second sustained phase develops slowly and requires mobilization and priming of secretory 
granules from the reserve pool (RP).  
 
1.4.1 Pancreatic β-cells and glucose stimulation-secretion coupling 
Pancreatic β-cells are excitable endocrine secretory units concentrated in cell clusters of 
the pancreas called islets of Langerhans. Upon glucose-stimulation, these specialized 
fuel sensors release insulin, a vital hormone controlling glucose absorption in 
pheripheral tissues and thus lowering the blood glucose level [157, 158]. Two types of 
secretory vesicles, SLMVs containing GABA (γ-amino-n-butyric acid) and SGs 
containing the insulin hormone, have been identified in β-cells [12]. The properties of 
the two secretory vesicle types are different regarding responses upon stimulus, cellular 
functions, biogenesis and the time course of exocytosis [159, 160]. Insulin is 
exclusively produced in the β-cell and it is released through a complex and coordinated 
mechanism controlled by a similar exocytotic machinery and sequence of events as 
synaptic transmission [160]. Upon glucose-stimulation glucose transporters GLUT1 
and/or GLUT2 mediate the transport of glucose into the cell where it is effectively 
metabolized to generate energy in form of ATP molecules (Fig. 2A). Increase in the 
intracellular ATP/ADP ratio closes ATP-sensitive potassium channels (KATP) in the 
plasma membrane causing a raise of the positive charge in the cell interior and cell 
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depolarization. This in turn leads to activation of voltage-gated calcium channels 
(VGCCs) and influx of Ca2+. The net effect of the described chain reaction is local 
elevation of [Ca2+]i and triggering of insulin exocytosis (Fig. 2A) [161-163]. 
     
1.4.2 Trafficking and biphasic exocytosis of insulin granules 
Characterization of the cellular basis for trafficking and fusion of insulin granules is of 
significant importance as dysfunctions in or modulations of these processes may 
contribute to the onset of diabetes. Preproinsulin, a precursor of insulin is synthesized 
in rough endoplasmic reticulum (RER) and almost immediately cleaved to proinsulin. 
Proinsulin is transported to the Trans-Golgi Network (TGN) where packaging into 
clathrin coated immature SGs takes place. Maturation of SGs is associated with the loss 
of the clathrin coat and conversion of proinsulin into insulin. The transport of insulin 
containing granules from the cell center towards the plasma membrane is mediated by 
their interaction with MT and ATP-dependent motor proteins such as kinesin. At the 
cell periphery the transport is dependent on the actin network [164, 165]. Similar as for 
synaptic transmission in neurons, Ca2+ is the fundamental second messenger for insulin 
release. Influx of Ca2+ through VGCCs during depolarization increases [Ca2+]i, which 
acts as the essential triggering signal and initiates the first phase of insulin exocytosis 
[166, 167]. Insulin exocytosis occurs in a biphasic manner [168, 169], with the quick 
first phase occurring within the first few minutes after glucose-stimulation followed by 
an enduring second phase that can last for 5-60 minutes (Fig. 2B) [170, 171]. Since the 
discovery of the characteristic biphasic manner of hormone release the efforts have 
been focused on providing evidence for the underlying cellular mechanisms. The 
10.000-13.000 insulin loaded granules are divided in different vesicle pools. The 
majority of granules (~ 95 %) reside in the RP, ~ 5 % (~ 600 granules) are docked at 
the plasma membrane and ~ 50-100 and ~ 10-20 belong to the RRP and Immediately 
Releasable Pool, (IRP), respectively [157, 172, 173]. Vesicles belonging to the RRP are 
positioned very close to the Ca2+-channels, and prepared for immediate release upon 
Ca2+-influx. Secretion of a fraction of the RRP probably reflects the exocytotic burst 
observed in the studies of membrane capacitance increase [168, 174]. Depletion of the 
RRP is generally accepted to mirror the first, rapid and transient, secretory phase while 
the second phase, reflecting the release of recruited secretory granules, is sustained and 
develops gradually (Fig. 2B). Recent studies have enlightened a mechanistic difference 
between the two traditional secretory phases. The first phase was proposed to reflect 
fusion of stably docked granules and the second phase was suggested to release 
“newcomers” - undocked vesicles that do not go through docking and priming but 
rather fuse directly with the plasma membrane [175, 176]. This indicated that the 
biphasic secretion proceeds through two parallel exocytotic pathways concerning 
vesicles in different morphological states [177]. The results presented in this thesis 
imply that also the first secretory phase of insulin release might consist of two 
additional, fast and slow, exocytotic pathways holding different Ca2+-sensitivity.  
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1.5 REGULATORY PROTEINS IN INSULIN SECRETION 
 
1.5.1 SNAREs and SNARE accessory proteins 
Today it is confirmed that pancreatic β-cells contain the same repertoire of SNARE 
proteins and regulatory factors that also are mediating neurotransmitter release in 
neurons [27, 160, 178]. The importance of the SNARE proteins and their stoichiometry 
in insulin secretion and overall islet function is illustrated by their reduced abundance 
in rodent models of diabetes [179, 180] and in human islets of type 2 diabetic patients 
[181]. Experimental modification of syntaxin 1 expression confirms the correlation 
between expression levels of the SNARE proteins and changes in the insulin release 
[182, 183]. Moreover, the cleavage of SNAP-25 and syntaxin 1, the central protein 
machinery, by botulinum neurotoxins is subsequently followed by a partial or severe 
reduction in insulin secretion [184, 185]. Syntaxin 1, 2, 3 and 4 are all present in 
primary β-cells and insulin secreting cell lines [186]. Syntaxin 1A was originally 
presented as an inhibitor of insulin release [187], and overexpression of both syntaxin 
1A and syntaxin 3 in insulinoma cells inhibited stimulated insulin secretion at the level 
of insulin gene transcription [188]. Syntaxin 4 knock-out islets are defective in both the 
first and second phase of insulin secretion [189], indicating that this protein variant is of 
functional importance. The characterization of syntaxin 2 revealed only a minor 
physiological effect of this syntaxin isoform in insulin exocytosis [190]. 
Phosphorylation of the SNAP-25 protein is also tightly connected with and influences 
insulin secretion [191, 192]. Several of the synaptotagmin isoforms have been 
demonstrated to participate in Ca2+-mediated insulin secretion [193, 194]. Originally 
discovered in brain [68], the Munc18-1 protein has also been detected in insulin 
secreting cells as a syntaxin 1 binding partner that negatively influences insulin 
secretion [90]. Analysis of trafficking and targeting of syntaxin 1A in INS1-E cells 
indicated that Munc18-1 is not required for syntaxin targeting to the fusion sites but 
seems to be essential for its stabilization at the membrane [195]. The positive role of 
Munc18-1 has been demonstrated in alliance with the β-cell specific Rab27a effector 
granuphilin, at the docking and trafficking stages of insulin exocytosis [92]. The 
Munc18-2 isoform has also been identified in β-cells [63, 111], but its role is still not 
thoroughly investigated. Munc18-3, the binding partner of syntaxin 4, is widely 
expressed in multiple β-cell lines [178]. The action of Munc18-3 as an accessory 
protein has mainly been studied in insulin-stimulated GLUT4 vesicle translocation 
[65], but lately transgenic mouse studies have proposed Munc18-3 as a player in 
glucose-stimulated insulin secretion [196]. Different isoforms of the tomosyn protein 
are present in pancreatic β-cells, both in the soluble cellular compartments and 
concentrated to insulin secretory granules. Down-regulation of tomosyn produces 
contradictory results, demonstrating both inhibitory and enhancing effects [128, 197]. 
An indirect role of tomosyn, related to the potential modulation of channel activity and 
β-cell excitability, has also been discussed [136]. Approaches investigating the impact 
of tomosyn in insulin-stimulated GLUT4 transport in adipocytes and its interaction 
with the SNARE complex machinery have shown that tomosyn overexpression inhibits 
translocation of GLUT4 [198]. Reports on both positive and negative roles of Munc18-
1 and tomosyn in insulin secretion are discussed at the moment. It needs to be further 
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investigated if the functions of these regulatory components are simply limiting or if 
their effects in multiple stages of the secretory pathway and their interaction with other 
modulatory proteins contribute to conflicting results in insulin exocytosis. 
 
1.5.2 Protein kinases and phosphorylation as modulators of insulin 

exocytosis 
As proposed for neuronal systems, phosphorylation of key exocytotic proteins is also 
relevant in the regulation of insulin release. Much of the flexibility in the exocytotic 
process is achieved by a balance between phosphorylation and dephosphorylation at 
different molecular steps preceding membrane fusion [199-201]. Cdk5, protein kinase 
A (PKA), PKC and calcium/calmodulin-dependent protein kinase (CaM kinase) are all 
present in pancreatic β-cells [202, 203]. Multiple PKC isoforms are expressed in 
pancreatic islets and insulin producing cell lines, and have been implicated in different 
aspects of β-cell function such as the regulation of glucose-dependent insulin 
exocytosis [204, 205]. Both PKA and PKC kinases have been suggested to act directly 
on the secretory machinery, stabilizing and increasing either the total number of release 
competent vesicles or the amount of highly Ca2+-sensitive insulin granules [206, 207]. 
A general agreement is that phorbol ester stimulation of PKC enhances insulin 
secretion and that glucose-induced elevation of [Ca2+]i translocates and recruits 
different PKC isoforms to the plasma membrane [204]. Concerning Cdk5, the 
investigations are focused on whether the same molecular mechanisms and targets are 
responsible for neuronal and non-neuronal effects of Cdk5. In β-cells, Cdk5 has been 
acknowledged with an essential function in stimulated insulin secretion and even more 
important, as a potential drug target in diabetes treatment [208]. Cdk5, p39 and p35 are 
all expressed in the islets of Langerhans and in cultured β-cells [91, 209-211]. One of 
the recent studies, using a p35 gene targeted mouse mutant, has presented Cdk5/p35 as 
a negative regulator of glucose-stimulated insulin secretion [211]. These experiments 
were performed at a high glucose concentration which elevates the levels and activity 
of Cdk5/p35, activates several signaling pathways and decreases insulin mRNA levels 
in β-cells [210]. p35 activated Cdk5 has also been shown to phosphorylate L-type 
voltage gated Ca2+-channels (L-VGCCs) and reduce insulin secretion, specifically 
during high glucose conditions [209, 210]. Altogether, these data give an impression of 
Cdk5/p35 being a negative modulator of the artificially induced high glucose-
stimulated insulin secretion which may not be important during normal physiological 
conditions. The studies in p35-deficient β-cells demonstrated that inhibition of Cdk5 
did not affect Ca2+-channels and insulin secretion in the absence of glucose which 
suggests that p35/Cdk5 is not implicated in the regulation of the initial secretory 
response. However, we cannot exclude that Cdk5 is important in modulation of the 
second phase of insulin exocytosis, maybe indirectly through metabolic or amplifying 
pathways. Recently, a cellular signaling protein, phospholipase D (PLD), has been 
shown to be activated and phosphorylated by Cdk5, establishing Cdk5 as a central 
regulator of epidermal growth factor (EGF) dependent insulin secretion. Interestingly 
the PLD/Munc18-1 interaction was disturbed by Cdk5 phosphorylation [212]. 
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2 AIMS 
 
The overall goal of this thesis has been to elucidate fundamental mechanisms and 
identify regulatory proteins implicated in the complexity of insulin exocytosis. The aim 
was to obtain better understanding of the biology and physiology of secretory pathways 
in β-cells. The specific objectives have been to investigate: 
 

• The expression, subcellular distribution and function of the Cdk5 
activators p35 and p39 in insulin exocytosis. 

 
• The specific functions of different SM proteins, focusing on Munc18-1 
and Munc18-2, in the modulation of insulin secretory granule trafficking, 
mobilization and exocytosis. 

 
• Potential abnormalities concerning glucose homeostasis, insulin secretion 
and β-cell function in a mouse mutant with a targeted disruption of the p39 
gene.  

 
• The expression and functional significance of an additional 
SNARE regulatory protein, tomosyn, in pancreatic β-cells. 
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3 METHODOLOGIES 
 
In my experiments I have been using a combination of traditional in vitro cell- and 
molecular biology techniques and in vivo methodologies. Through collaborative efforts 
I am familiar with electrophysiological techniques. 
 
3.1 ANIMAL MODELS 
All animal breeding and studies were revised and approved by local ethical 
committees. Mice were housed on a 12 h light/dark cycle with free access to standard 
food and water.  
 
p39-deficient (p39-/-) mouse mutants 
Mice with the p39 gene disrupted (p39-/-), were kindly provided by the laboratory of 
Professor L-H Tsai. p39-deficient mice were generated by replacing the majority of the 
p39 coding region with a neo cassette in the opposite transcriptional direction [146].  
 
Obese (ob/ob) mice 
Primary β-cells and brain tissue from ~ 10 months old and fasted ob/ob mice were used 
in insulin secretion experiments, electrophysiological recordings as well as in RNA-, 
protein- and immunocytochemistry analyses. The advantage of pancreatic islets derived 
from ob/ob mice are that they predominantly (90-95 %) contain β-cells, which 
improves the experimental yield and implementation [213]. 
 
NMRI mice, Sprague-Dawley and Wistar rats  
Tissues from above mentioned rodent models were used in membrane capacitance 
measurements, Western blotting, immunohistochemistry and protein analysis that were 
performed in collaborative investigations in other laboratories (paper I, III, IV). 
 
3.2 CELL CULTURE AND TRANSFECTIONS 
Primary β-cells and insulin secreting cell lines were cultured in a humidified 
atmosphere, 5 % CO2 at 37°C. 

 

3.2.1 Cell lines 
The mouse insulinoma (MIN6-m9) cell line 
MIN6 cells retain physiological characteristics of primary β-cells [214]. They were 
cultured and grown in DMEM (Dulbecco’s Modified Eagle Medium, Invitrogen) 

containing 11 mM glucose supplemented with 10 % heat-inactivated fetal calf serum 
(FCS), 100 IU/ml penicillin, 2 mM L-glutamine and 64 µm 2-mercaptoethanol.  
 
Rat insulinoma (INS1-E), hamster (HIT-T15) and rat (RINm5F) cell lines 
INS1-E cells were cultured in RPMI 1640 medium (Invitrogen) supplemented with 5 % 
heat-inactivated FCS, 1 mM sodium pyruvate, 50 μm 2-mercaptoethanol, 2 mM 
glutamine, 10 mM HEPES, 100 IU/ml penicillin and 100 µg/ml streptomycin. 
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HIT-T15 and RINm5F insulin secreting cells were grown in RPMI 1640 (Invitrogen) 
supplemented with 10 % heat-inactivated FCS, 2 mM glutamine, 100 IU/ml penicillin 
and 100 µg/ml streptomycin. 
 
3.2.2 Primary pancreatic β-cells  
Primary β-cells were isolated from ob/ob, NMRI and p39-deficient mice or from 
Wistar rats, by collagenase digestion [215] or by injecting liberase into the pancreas 
through the bile duct. When needed a cell suspension was prepared from isolated islets 
[216]. Single cells or whole islets were cultured for 1-4 days in RPMI 1640 culture 
medium containing 11 mM glucose supplemented with 10 %  FCS, 100 IU/ penicillin, 
100 µg/ml streptomycin and 2 mM L-glutamine. In paper II β-cells were also studied 
within intact islets in freshly prepared slices from the whole pancreas [217]. This 
method has a number of advantages; it is fast and preserves many physiological 
properties, and it also enables electrophysiological recordings of β-cells embedded in 
their natural environment [218].  
 
3.2.3 Cell transfections  
Transfections of MIN6-m9, INS1-E and primary β-cells were performed using 
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instructions. 
Oligofectamine (Invitrogen) was used for cotransfection of primary β-cells with the 
green fluorescent protein (Clontech) and sense and antisense oligonucleotides. The 
cells were seeded 24 hours (h) before and assayed 48-72 h after transfection procedure 
(for oligonucleotide treated cells capacitance measurements were performed 24 h after 
transfection).  
 
3.3 RNA-ANALYSES 
 
3.3.1 Reverse transcriptase-polymerase chain reaction (RT-PCR)  
RT-PCR was performed on total RNA prepared from mouse or rat brain, from ob/ob 
pancreatic islets, and from MIN6-m9 and RINm5F cell lines, by using GenEluteTM 
Mammalian Total RNA kit according to the manufacturer’s instructions (Sigma). RT-
PCR was set up by using SuperScriptTM RT-PCR-System (Invitrogen), appropriate 
specific oligonucleotides and PCR-programs (see enclosed publications for detailed 
information) in a GeneAmp PCR System 9700 (Applied Biosystem). Products of 
appropriate base pare (bp) sizes were cut out of the gel, purified, amplified with 
appropriate primers and subjected to DNA sequencing  using BigDye Terminator v3.1 
Cycle Sequencing Kit and analyzed on ABI PRISM 377 (Applied Biosystems). The 
homology of the PCR products and corresponding sequences were compared with 
National Center for Biotechnology Information (NCBI) BLAST program for 
verification. 
 
3.3.2 Semi-quantitative RT-PCR 
Semi-quantitative RT-PCR was performed to determine relative gene expression levels. 
Reactions were performed with 20 cycles of amplification using 1 μg RNA, a trace of 
[α32P] dCTP (3000 μCi/mmol, PerkinElmer Life Sciences), primers hybridizing to the 
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mRNA/cDNA of interest and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 
primers as an internal control. The products were separated on 8 % polyacrylamide 
Tris-borate EDTA (TBE) gels and detected using a phosphoimager (BAS-1500, 
Fujifilm). Signal intensities were quantified using Image Gauge V3.45 (Fujifilm) 
software. 

 
3.4 WESTERN BLOT ANALYSES AND GEL ELECTROPHORESIS 
For protein separation in paper I and III equal amount of lysates, homogenates or 
subcellular fractions were denatured by heating in either commercial sample buffer 
(NU-PAGE, Invitrogen) or in home-made SDS sample buffer (0.5 M Tris-HCl pH=6.8, 
20 % glycerol, 4 % SDS, 10 % 2-mercaptoethanol and 0.05 % Bromophenol Blue). 
Thereafter samples were loaded and separated on 10-12 % SDS-PAGE 
(polyacrylamide gelelectrophoresis) (Bio Rad) or NU-PAGE Bis-Tris (Invitrogen) gels, 
followed by transfer to polyvinylidene difluoride (PVDF) membrane (Amersham 
Biosciences). Protein concentrations were determined using either the Bradford assay 
(Bio-Rad) or the bicinchoninic acid (BCA) assay (Pierce). In paper IV supernatants 
from immunoprecipitation studies were resuspended in 5x SDS-PAGE sample buffer 
and loaded on 18 % polyacrylamide SDS-PAGE gels. In the same study protein 
samples of HIT-T15 and RINm5F cells were analyzed by electrophoresis on 10 % Tris-
HCl polyacrylamide SDS-gels or 4-15 % linear ready gels (Bio-rad). Membranes were 
blocked in phosphate buffered saline (PBS) containing 0.025 % Tween-20 and 5 % dry 
milk (VWR or Merck Eurolab) for 1h at room temperature (RT), followed by 
incubation with primary antibodies (4°C, overnight) and secondary antibodies (RT, 1-
1,5 h). Detection of the immunoreactivity was obtained by using enhanced 
chemiluminescence (ECL plus, Amersham Biosciences) followed by scanning with 
CCD camera (LAS 1000, FujiFilm). Signals were quantified using Image Gauge V3.45 
software (Fujifilm).  

 
3.5 CELL- AND TISSUE HOMOGENIZATION 
In paper I and III, transiently transfected MIN6-m9 cells were harvested and lysed in 
(in mM): 250 NaCl, 1 % Nonidet P-40, 0.5 % sodium deoxycholate, 0.1 % SDS, 1 
EDTA, 50 Tris-HCl pH 7.4 and protease inhibitor mixture (Roche Diagnostics GmbH). 
Pancreatic islets, pulverized brain tissue and MIN6-m9 cells used for subcellular 
fractionation studies and Western blot analyses were homogenized twice by pestle 
motor homogenizator in the buffer containing (in mM): 20 HEPES, 1 MgCl2, 250 D-
sucrose, 2 EDTA and protease inhibitor cocktail (Roche Diagnostics GmbH) pH 7.4. 
Brain homogenates were additionally lysed on ice (30 min) in 1 % NP-40 (Sigma). 
Homogenates were shortly centrifuged to pellet nuclei (500 x g, 7 min and 4°C). In 
paper IV HIT-T15 and RINm5F cells were lysed in the buffer consisting of (in mM): 
20 Tris-HCl pH 7.5, 150 NaCl, 1 EGTA, 1 % NP-40 and protease inhibitor cocktail 
(Roche Diagnostic GmbH), incubated on ice (30 min) and collected by centrifugation 
(1000 x g, 10 min, 4ºC). Sprague-Dawley rat brain was homogenized, in presence of 
protease inhibitors, in (in mM): 50 Tris-HCl, 100 NaCl and 1 EGTA (pH 7.5) using 
Teflon/glass homogenizer and centrifuged (5000 x g, 10 min, 4°C). 
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3.6 SUBCELLULAR FRACTIONATION BY SUCROSE DENSITY 
GRADIENTS 

To separate different cellular components (in paper I, III and IV) lysates or 
homogenates of transiently transfected unstimulated and stimulated MIN6-m9 cells or 
primary β-cells were loaded onto a 4.4 ml linear sucrose density gradient (prepared 
from 0.6 and 2 M sucrose stock solutions). The gradient was centrifuged at 150000 x g 
for 18 h (Beckman L8-55 ultracentrifuge, SW50 rotor) and 15-16 fractions were 
collected  from the top of the gradient. The linearity of the gradient was examined by 
measuring the refractive index of each fraction and protein concentration was 
determined by the Bradford assay (Bio-Rad). Equal amount of protein from each 
fraction was resolved by electrophoresis for further investigations.  
 
3.7 IMMUNOCYTO- AND IMMUNOHISTOCHEMISTRY (ICC AND IHC) 
In paper III primary β-cells from ob/ob mice were seeded onto coverslips and cultured 
up to 3 days as described above. After fixation with 4 % paraformaldehyde and 
permeabilization in 0.4 % saponin, cells were blocked in 10 % goat serum/PBS 
(Sigma). Appropriate dilutions of primary and secondary antibodies were applied at 
RT. The immunoreactivities were analyzed with a Leica TCS-SP2-AOBS confocal 
laser-scanner equipped with HeNe and Ar lasers and connected to a Leica DMLFSA 
microscope. In paper IV pancreatic sections from male Sprague-Dawley rats and 
monolayers of HIT-T15 or primary β-cells were processed for immunofluorescence 
histochemistry. Pancreatic sections were processed as described in [126]. Monolayers 
of HIT-T15 cells or primary β-cells fixed by immersion, or tissue sections were 
incubated with rabbit antiserum to tomosyn or anti-tomosyn combined with antibodies 
directed towards insulin, glucagon, somatostatin or pancreatic polypeptide followed by 
incubation in the appropriate secondary antibody mixtures (for detailed analysis see 
paper IV). Specimens were scanned in a Bio-Rad RadiancePlus or Leica confocal laser 
scanning system.  
 
3.8 IMMUNOPRECIPITATION (IP) 
In paper IV HIT-T15 cell lysates were precleared with protein A-Sepharose at 4°C for 
2 h. After spinning down the beads, the supernatants were incubated with primary 
antibodies or control antibodies overnight, followed by an additional incubation with 
A-Sepharose for 2 h. Beads harvested by centrifugation and washed with a buffer 
without Triton X-100, were finally resuspended in 5x SDS-PAGE sample buffer and 
heated (60ºC for 20 min) before protein separation on 18 % polyacrylamide SDS-
PAGE gels. 
 
3.9 ELECTROPHYSIOLOGY AND Ca2+-MEASUREMENTS  
Single isolated mouse β-cells or intact cells within the whole islets in fresh pancreatic 
slices were used in electrophysiological recordings. We used standard whole-cell or 
perforated patch-clamp set up followed by measurements of changes in membrane area. 
For discrimination of different voltage-gated Ca2+-currents we applied a voltage ramp 
to assess the amplitude and voltage dependence of different current components [219, 
220]. Exocytosis was triggered either by a train of depolarizing pulses or by slow UV 
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photolysis of caged Ca2+ (NP-EGTA). Pipettes were pulled from borosilicate glass 
capillaries, coated with Sylgaard and fire-polished before use. The pipette resistance 
was 2-4 MΩ. Exocytosis was recorded using an EPC-9 patch clamp amplifier and the 
Pulse software (Elektronik, Lamprecht/Pfalz, Germany). For composition of 
extracellular- and pipette solutions, experimental temperatures and perifusion rates see 
Material and Methods in relevant publications. In paper I and II Fura 6F (Molecular 
Probes) was used to measure the intracellular Ca2+-concentration simultaneously with 
the patch-clamp recordings. Fura 6F was excited at 380 nm with a monochromator 
(Polychrome IV; TILL Photonics). Long pass dichroic mirror reflected the 
monochromatic light above 400 nm from the perfusion chamber and transmitted the 
emitted fluorescence filtered through a 420 nm barrier filter. Fluorescence intensity was 
measured with a photodiode (TILL Photonics). Ca2+-concentrations were calculated as 
described in [220]. 

 
3.10 THE HUMAN GROWTH HORMONE (hGH) COTRANSFECTION 

ASSAY 
The hGH assay was used in paper III and IV to study the overexpression effects of 
different exocytotic proteins on glucose-stimulated secretion from INS1-E cells. In this 
approach equal amount (1-2 µg) of a plasmid containing the hGH gene and a plasmid 
containing the gene of interest were cotransfected. Transfected cells were first 
incubated in glucose-free RPMI for 2 h and thereafter in glucose-free Krebs-Ringer 
bicarbonate HEPES buffer (KRBH) containing (in mM): 135 NaCl, 3.6 KCl, 5 
NaHCO3, 0.5 NaH2PO4, 0.5 MgCl2, 1.5 CaCl2, 10 HEPES and 0.1 % bovine serum 
albumin (pH 7.4 using NaOH) for 30 min. Secretion was triggered by KRBH 
containing either 3 or 10 mM glucose. The supernatant was removed from each well, 
centrifuged at 100 x g for 5 min and was referred as secreted hGH. Remaining cells 
were harvested in ice-cold 1 mM EDTA-PBS, added to the pellet of the initial 
centrifugation and lysed by 6 freeze-thaw cycles (in liquid nitrogen and a 37°C bath) 
followed by 5 min of sonication. Material from this supernatant was considered as 
cellular, not secreted, hGH. hGH levels were measured by enzyme-linked 
immunosorbent assay (ELISA) following the manufacturer’s instructions (Roche 
Applied Science). The average percent of secreted hGH (% of total) was calculated by 
dividing the amount of secreted hGH by total hGH (secreted + cellular hGH).  

 
3.11 ISLET PERIFUSION AND INSULIN MEASUREMENTS  
In paper II overnight cultured islets of Langerhans from p39-deficient  and control mice 
were preincubated in Ca5 buffer (in mM): 125 NaCl, 5.9 KCl, 1.28 CaCl2, 1.2 MgCl2,  
25 HEPES, 0.1 % bovine serum albumin  and 3 glucose, pH 7.4 using NaOH for 30 
min prior to perifusion experiments. Whole islets were mixed with Bio-Gel P4 
polyacrylamide beads (Bio-Rad) in a 0.5 ml column at 37°C, and dynamics of insulin 
release was studied by allowing buffers with various glucose concentrations to perifuse 
the islets. The insulin released by islets into the buffer was collected in fractions (2 
min/fraction, flow rate ~ 0.2 ml/min) and analyzed by Ultra Sensitive Mouse Insulin 
ELISA (Mercodia) according to the manufacturer’s instructions.  
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3.12 DETERMINATION OF BLOOD GLUCOSE CONCENTRATION, SERUM 
INSULIN LEVELS AND INSULIN CONTENT 

For the measurements of blood glucose concentration (mmol/l) blood samples from fed 
or fasted mice (paper II) were taken from the tip of the tail. The blood was analyzed by 
Freestyle Blood Glucose Monitoring System (Abbott). For the determination of serum 
insulin levels 8µl blood/g bodyweight was extracted by puncturing the vein in the hind 
leg. Collected samples were allowed to stand in RT to allow blood clotting. Serum was 
separated by centrifugation and analyzed by Ultra Sensitive Mouse Insulin ELISA 
(Mercodia). For measurements of insulin content pancreatic islets were collected in Ca5 
buffer, lysed by adding Mammalian Protein Extraction Reagent (M-PER, Thermo 
Scientific) and incubated on an orbital shaker or manually resuspended before the 
supernatant were collected by centrifugation (2500 x g). The total insulin amount in the 
supernatant was determined with Ultra Sensitive Mouse Insulin ELISA (Mercodia) and 
the amount of DNA was verified with Quant-ITTM Picogreen (Invitrogen).  
  
3.13 INTRAPERITONEAL GLUCOSE TOLERANCE TEST (IPGTT)  
For IPGTT age matched male and female p39-deficient and control mice were fasted 
overnight. Body weight and basal fasting blood glucose concentrations were measured 
prior to the start of the experimental procedure. A dose of 2 g glucose/kg bodyweight 
was injected into the intraperitoneum (IP) of the mice and the blood samples for 
glucose concentration measurements were taken at 15, 30, 60 and 120 min post 
injection. Directly after that the experiments were completed, the mice were fed and 
allowed to return to their cages. 
 
3.14 STATISTICAL ANALYSIS OF DATA 
All experiments in this thesis were performed at least three times on different 
preparations and the results were presented as mean values ± S.E.M, unless otherwise 
indicated. Different statistical tests have been used in different experimental 
approaches. Primarily unpaired Student’s t-test was used for the evaluation of statistical 
significance. For multiple comparisons Dunnett’s statistical test was used.  p values less 
than 0.05 were considered statistically significant. 
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4 EXPERIMENTAL RESULTS AND DISCUSSION  
 
 
4.1 PAPER I: MUNC18-1 AND MUNC18-2 DIFFERENTLY MODULATE β-

CELL Ca2+-SENSITIVITY AND KINETICS OF INSULIN EXOCYTOSIS 
 
Different Munc18 and syntaxin isoforms in insulin secreting β-cells  

Pancreatic β-cells, the only cells in the body that produce, store and secrete 
insulin, are equipped with a complete set of exocytotic regulators, including the leading 
SNARE- and SM protein families. The Munc18-1 protein, with controversial and 
multiple roles in the secretory cascade, also plays a role in insulin secretion [90, 91, 
194]. Besides Munc18-1, the SM protein family comprises other Munc18 isoforms that 
are involved in membrane fusion [58, 66]. Already in 1995 [63], the presence of an 
additional isoform, Munc18-2, was demonstrated in an insulin secreting cell line and 
very recently also in primary rat β-cells [111]. This indicated the coexistence of 
different Munc18 variants in β-cells, but the underlying reason for this coexpression of 
several Munc18 proteins and possible benefits for insulin secretion were not further 
resolved.  

Our PCR analyses assured the presence of different membrane fusion 
associated Munc18 isoforms in insulin secreting β-cells. In addition to showing the 
presence and dominance of the Munc18-1a isoform, we also detected the expression of 
the Munc18-2 protein (Fig. 1A,B). Moreover, we verified low amounts of the Munc18-
1b splice variant, which compared to Munc18-1a shows the same syntaxin binding 
preference but a different expression pattern in brain [221, 222]. Munc18-2 is the 
closest homologue of Munc18-1 and coexpression of these two SM protein isoforms 
have earlier been reported in mast cells, adrenal chromaffin- and anterior pituitary cells 
and human platelets [108, 110, 223]. We here showed that Munc18-2, so far 
predominantly described as an epithelial vesicle transport protein, also exists in mouse 
primary β-cells and in the MIN6 cell line. 

Different roles of Munc18 proteins in the secretory pathway are partially 
mediated via a number of protein-protein interactions. The best described role of the 
Munc18-1 protein in exocytosis is exerted via its interaction with syntaxin 1A. 
Munc18-1 and Munc18-2 have the same binding specificity for syntaxin isoforms 1A, 
2 and 3 [62]. Different results considering the occurrence of syntaxin isoforms in 
insulin secreting β-cells can be found in the literature [178, 186]. Our PCR analyses on 
the presence and abundance of described Munc18-1 and Munc18-2 syntaxin partners 
(Fig. 1C,D) showed expression of both syntaxin 1A and syntaxin 3 in endocrine β-cells, 
although syntaxin 1A was the predominantly expressed isoform. In HIT-T15 cells 
syntaxin 3 has also, in contrast to other syntaxins, been detected in the cytoplasm, 
modulating insulin secretion and Ca2+-channel activity [188]. Syntaxin 3 is an 
established functional partner of Munc18-2 [109, 113, 118] and its presence and 
possible interaction with the Munc18-2 protein in β-cells remain to be explored. 
Syntaxin 2 is probably a poor candidate in the regulation of insulin secretion since 
expression levels were below the detection limit in our experiments. This was 
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consistent with an earlier study showing low expression levels of syntaxin 2 in the islets 
of Langerhans [190].  
 
Munc18 isoforms exhibit different subcellular compartmentalization and glucose-
dependent redistribution 

As proteins reside in the specific cellular compartments where they perform 
their activity, subcellular localization studies can be used for prediction of their 
function. By performing sucrose density gradients on transiently transfected MIN6 
cells, we characterized and uncovered different subcellular localizations of Munc18-1 
and Munc18-2 proteins. Munc18-1 was equally distributed to both the plasma 
membrane and soluble cell compartments while Munc18-2 predominantly localized to 
the cytosol (Fig. 2A). When the Munc18-2 protein was overexpressed in COS-1 or 
mast cells a similar cytosolic distribution, without membrane association, has been 
observed [107, 109]. Upon increased exocytotic activity, induced by glucose-
stimulation, Munc18-1 was recruited to the plasma membrane while no change in the 
case of Munc18-2 localization was observed (Fig. 2B, 2C I-IV). The found discrepancy 
in the subcellular distribution supported our hypothetical working model, with distinct 
SM proteins acting in separate compartments and stages of insulin secretion. The novel 
finding that glucose-stimulation induces Munc18-1 translocation agrees well with 
earlier reports on Munc18-1 participitation in different protein interactions and 
mechanisms both in the cytosol and at the plasma membrane, close to the sites of 
secretion [224].  

Being familiar with the ability of Cdk5, together with Munc18-1, to enhance 
Ca2+-triggered insulin exocytosis, we searched to further clarify which role 
phosphorylation of Munc18-1 plays in protein function and β-cell secretion. Subcellular 
fractionation of unstimulated and stimulated MIN6 cells transfected with Munc18-1 
templates lacking kinase phosphorylation sites showed that Cdk5 and PKC mutants 
were enriched in the plasma membrane region where they also remained sequestered 
after stimulation (Fig. 2B). This suggested that the absence of phosphorylation may be 
a possible explanation for the accumulation and inability of Munc18-1 to disassociate 
or loosen from the plasma membrane. In contrast to the PKC  phosphorylation 
positions, the Cdk5 phosphorylation site seems to be conserved in the Munc18-2 
sequence [225]. By using a Munc18-2 template with a mutation in the potential Cdk5 
site, we also showed a minor glucose-induced shift in the cellular localization of this 
Munc18 variant (Fig. 2C II,IV). Thus, these results supported our hypothesis that 
phosphorylation is an important regulator of the intracellular localization, cycling and 
probably also the activity of Munc18 proteins. 
 
Munc18 proteins differently influence kinetics and Ca2+-sensitivity of release 

By combining capacitance recordings and slow photo release of caged 
Ca2+, which allows direct measurements of the Ca2+-sensitivity of exocytosis, we 
searched to resolve specific functions of different Munc18 proteins in insulin 
exocytosis. Introduction of caged Ca2+-components has made it possible to identify 
multiple pools of releasable vesicles, their Ca2+-dependence and kinetics of exocytosis 
in many neuronal and neuroendocrine preparations [226-228]. In response to a gradual 
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increase in [Ca2+]i, we observed a typical biphasic secretory response pattern (Fig. 3A-
C). When Munc18 proteins were overexpressed the membrane capacitance increase 
exhibited different Ca2+-sensitivities, lower upon introduction of Munc18-1 and higher 
upon overexpression of Munc18-2 (Fig. 4A). Heterogeneity in Ca2+-sensitivity as a 
mechanism explaining the presence of different exocytotic routes is a rather novel 
phenomenon. Coexistance of different Ca2+-affinities for release in the same cell has 
previously been reported in human neutrophils and pituitary gonadotropes. In those cell 
types this was attributed to specific properties of the exocytotic machinery, or to the 
presence of distinct secretory vesicle populations and release pathways [229, 230]. A 
sign of different Ca2+-dependent pathways in synapses has previously also been 
described [231]. However, this was the first indication that the SM proteins are 
instrumental in the determination of the Ca2+-sensitivity of secretion. Simultaneous 
overexpression of Munc18-1 and Munc18-2 significantly increased the number of 
released insulin granules, amp2, during the second exocytotic component and was 
interpreted as a sign of a synergistic effect of the two modulators (Fig. 3D). Significant 
but smaller amplification of amp2 was also obtained upon single overexpression of the 
Munc18-2 protein. This supported the possibility that this isoform may be involved in a 
parallel secretory pathway, that either separately or by merging with the Munc18-1 
operated pathway releases secretory vesicles at a lower Ca2+-threshold (Fig. 3D). In 
terms of different roles of Munc18 proteins in other cell types where their coexistance 
have been confirmed, a partial compensation of Munc18-2 in early steps of LDCV 
release has been reported in Munc18-1-deficient chromaffin cells and in growth 
hormone releasing anterior pituitary cells [76, 108]. 

To adress if phosphorylation of Munc18 proteins was important for 
modulation of the Ca2+-sensitivity of exocytosis, we took advantage of Munc18 
phosphorylation mutants that we also used in subcellular fractionations. We showed 
that the shift in Ca2+-dependence was even more pronounced when phosphorylation 
was prohibited. Two significantly different secretory responses, with low and high 
Ca2+-thresholds, were noticed when non-phosphorylated Munc18 templates were 
overexpressed (Fig. 5A,B). Not only the triggering [Ca2+]i, but also the rate and the 
number of fusing vesicles were affected (Fig. 5C,D). The demonstrated discrepancy in 
the Ca2+-sensitivity of insulin exocytosis probably mirrored different secretory 
pathways. These pathways may mediate release from different vesicle subpopulations 
with distinct Ca2+-affinities, coordinated by diverse Munc18 proteins which in turn are 
phosphorylation substrates in intracellular signaling cascades. Previously it has been 
shown that hyperphosphorylation, due to the altered PKC activity in the islets of GK 
rats, significantly reduces the sensitivity of the secretory machinery to Ca2+ [232]. 
Furthermore, in insulin secreting INS-1 cells activation of protein kinases has been 
shown to sensitize exocytosis and regulate an ultrasensitive Ca2+-component of the 
endocrine secretion [207, 233]. We propose that the Munc18-1 protein accounts for the 
tight docking of insulin containing granules at the plasma membrane, close to the 
VGCCs. There SGs are experiencing high [Ca2+]i which is required for fast fusion with 
the plasma membrane. In secretory cells Ca2+ triggers and regulates both secretion and 
upstream secretory steps leading to fusion. In the case of Munc18-2, operating at basal 
Ca2+-levels, we suggested involvement in the recruitment and fusion of highly Ca2+-
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sensitive vesicles that do not necessarily go through traditional docking and priming 
steps, but fuse directly at lower [Ca2+]i.  

In paper III we showed that p39 activated Cdk5 augments insulin 
exocytosis, likely via phosphorylation of the Munc18-1 protein. In this investigation 
(paper I), using a different experimental approach and adding an additional level of 
complexity, we found that both Cdk5 activators differently modulate the Ca2+-affinity 
of exocytosis (Fig. 5E-H). Combined overexpression of the p39 activator and SM 
proteins restored the Ca2+-sensitivity of insulin secretion and probably increased the 
release probability of SGs. On the contrary, introduction of the p35 subunit additionally 
enhanced the Ca2+-sensitivity shift caused by single overexpression of Munc18 
templates indicating that the p35 disturbs the phosphorylation pattern of Munc18 
proteins. This suggested that the p35 activator plays a non-redundant and deactivating 
role, perhaps by restraining SGs, while the p39 facilitates insulin secretion by 
normalizing the Ca2+-sensitivity of exocytosis. 
 In conclusion, in the present investigation we emphasized the presence 
and importance of a supplementary Munc18 isoform, Munc18-2, in primary β-cells. 
Munc18-2 is most likely operating in an additional secretory pathway releasing highly 
Ca2+-sensitive SGs and it may also be instrumental in refilling of Munc18-1 dependent 
vesicle pools. Different roles of Munc18 proteins in combination with phosphorylation, 
acting as a molecular switch regulating both the Munc18-1/syntaxin interaction and 
Munc18 function, propose a complex cellular milieu with distinct insulin release 
pathways.  
 
 
4.2 PAPER II: IMPAIRED Ca2+-CHANNEL ACTIVITY AND INSULIN 

SECRETION IN MOUSE MUTANTS LACKING THE Cdk5 ACTIVATOR 
p39 

 
In this study we combined high-resolution single cell capacitance recordings with 
investigations at the level of the whole animal in a p39 gene targeted mouse mutant, to 
explore the functional consequence of p39 ablation for insulin secretion.  
 
Kinetics and Ca2+-sensitivity of insulin exocytosis in p39-deficient β-cells 

We have previously reported that p39 activated Cdk5 positively affects 
Ca2+-dependent insulin secretion in single β-cells [91]. Moreover, our recent in vitro 
experiments on single p39-deficient β-cells indicated a deficiency in the release kinetics 
upon a depolarizing train [234]. The total membrane capacitance increase after the 
whole train stimulation did not differ between mutant and control cells, while there was 
a significant difference in kinetics of the early response. In this study we have focused 
on the first 10 depolarizing pulses demonstrating that p39-deficient β-cells exhibit a 
significantly reduced increase in the membrane surface area in this time window (Fig. 
1A). This finding was consistent with our islet perifusion experiments showing a 
comparable total amount of released insulin, but a small, although not significant, 
deficiency in the initial release from p39-deficient β-cells (Fig. 4A). The reason for the 
discrepancy appearing when using these two techniques could be that the islets for 
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perifusion analyses are cultured overnight in normoglycaemic conditions. This may 
result in a less severe secretory phenotype than the one observed in capacitance 
recordings within the whole islets in fresh pancreatic slices. Another matter is that the 
resolution of perifusion analyses is not equal to that of high-sensitive 
electrophysiological recordings. Furthermore, islet perifusions are detecting the actual 
insulin release while capacitance measurements cannot automatically be equated with 
hormone release. The capacitance increase reflects both the fusion of SGs that really 
release insulin and of vesicles with a fusion pore not sufficiently expanded to allow 
exocytosis of insulin.  

In summary, kinetic investigations, both by islet perifusions and by 
electrophysiological recordings in individual β-cells, pointed towards a deficiency in 
the onset of the secretory response corresponding to the first and fast phase of insulin 
release. Disturbances in the early phase of insulin exocytosis and in glucose 
homeostasis are characteristic and early features of diabetes type 2 [232, 235, 236]. 
Reduced insulin secretion is a complex phenomenon. The amount of secreted insulin 
may be determined by the release rate or by the number of releasable insulin granules, 
but could also be an outcome of the altered Ca2+-sensitivity of exocytotic machinery. 
To test if the delayed secretory response, observed in capacitance recordings, is a direct 
consequence of changes in the sensitivity to the Ca2+-trigger, we assayed the efficacy of 
release. We could show that the efficacy of Ca2+-induced exocytosis after the first 
depolarizing pulse is significantly reduced in p39-deficient β-cells (Fig. 1B). By using 
slow photolysis of caged Ca2+ we further characterized fusion kinetics to support the 
hypothesis that the p39 absence leads to alternations in the sensitivity of Ca2+-triggered 
exocytosis. Indeed, β-cells lacking the Cdk5 activator p39 required significantly higher 
[Ca2+]i  for the onset of insulin secretion (Fig. 2C).  

Hence, these results suggested a pivotal role of the p39 activator in 
modulation of the [Ca2+]i required for the initiation of insulin release and in 
maintenance of the Ca2+-sensitivity of exocytosis. The delayed response monitored in 
both electrophysiological recordings and in islet perifusion studies reflected reduced 
sensitivity of the exocytotic machinery to Ca2+ and decreased efficacy of secretion.  
 
Analyses of VGCCs in p39-deficient β-cells 

Ca2+ plays a critical role in insulin secretion, as the main second messenger 
triggering regulated membrane fusion but also as a regulator of secretory granule 
mobilization [167]. VGCCs are the major source of Ca2+-influx in insulin secreting β-
cells conducting either low-voltage activated (LVA) or high-voltage activated (HVA) 
currents. Currents named L-, P/Q-, N- and R-type have high activation thresholds and 
the L-type Ca2+-channel has preferentially been coupled to the regulation of insulin 
secretion in mouse β-cells [28]. Since we observed that p39-deficient β-cells exhibit an 
earlier onset of the electrical activity and a higher excitability (Fig. 3A and [234]), we 
next explored the possibility that the noticed enhanced glucose-induced excitability is 
due to variations in the activity of VGCCs. When applying a voltage ramp protocol we 
discriminated the presence of two different HVA current components, with activation 
peaks at -20 mV and + 5 mV, in both p39-deficient and control cells (Fig. 3B). A 
significantly higher Ca2+-current peak was noticeable around -20 mV in p39-deficient 



 

24 

cells, suggesting a negative shift in the activation threshold to a lower membrane 
potential and a presence of currents that are activated at lower depolarization values 
compared to wild-type currents (Fig. 3D). It has been reported that a change to a more 
negative membrane potential for L-type Ca2+-currents enhances the electrical activity 
and increases serum insulin levels [237]. The occurrence and role of non-L-type 
channels have also been described in insulin secretion. They are considered to 
indirectly affect insulin secretion by governing mobilization rather than direct fusion of 
SGs that reside close to the VGCCs, or by enhancing the excitability of β-cells [167]. 
The enhanced Ca2+-influx and the shift of the activation threshold may represent 
compensatory mechanisms, created to overcome the higher [Ca2+]i necessary for the 
efficient secretion, and the secretory defect observed in the onset of p39-deficient β-cell 
exocytosis. A different explanation would be that the abrogation of the p39 protein 
leads to alternations in the expression levels or in the function of SNARE- and SNARE 
related proteins that influence ion channel activity. Both syntaxin 1 and SNAP-25 
proteins are known to affect the activity and function of Ca2+-channels and exocytosis 
[182, 184, 238].   
 For this reason we started to explore if the expression level of some 
important regulatory components was affected by the absence of the p39 protein. 
Western blot analyses showed that the level of the Munc18-1 protein was decreased 
both in brain and pancreatic islets, although due to the low yield of islet material the 
results from islet homogenates were not significant (Fig. 5A,B). Abnormal vesicle 
trafficking, vesicle distribution and secretion have occasionally been ascribed to the 
reduced expression levels of proteins that are regulating these membrane fusion 
processes. Islets from rodent models of diabetes and from type 2 diabetic patients show 
signs of altered expression levels of SNARE- and SNARE accessory proteins [179-
181]. Reduced levels of the Munc18-1 protein demonstrated in our Western blot 
investigations might lead to alternations in the size and refilling of the RRP of insulin 
granules. The Munc18-1 protein has been shown to participate in multiple steps of the 
secretory pathway, including maintenance and control of the size of the RRP [72, 73]. 
As Munc18-1 operates as an accessory protein by binding syntaxins, the level of 
Munc18-1 has also been shown to affect the expression of its syntaxin interaction 
partner [239]. Syntaxin 1 levels, both syntaxin 1A and 1B, are reduced by 70 % in 
Munc18-1-deficient mutant mice [240]. In islets of granuphilin knock-out mice, levels 
of both syntaxin 1 and Munc18-1 were affected and reduced when the docking factor 
granuphilin was deleted [92].  

In conclusion, since the Munc18-1 protein has a role in docking and 
priming, an altered expression level may affect the number and distribution of insulin 
containing SGs which in turn may result in deficiencies observed in the fast first phase 
of insulin secretion. Reduced Munc18-1 levels might also influence syntaxin 1 
expression and function and change the operative relationship of the two proteins that 
are known to form the docking platform for secretory vesicles. This in turn could 
reduce the number of readily releaseable vesicles, known to release during the first 
secretory phase, and partly explain the observed impairment of the initial secretory 
response in p39-deficient β-cells.  
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Glucose homeostasis in p39-deficient mouse mutants 

Different mouse mutants are today accepted and popular tools in the 
examinations of common endocrine and metabolic disorders, such as diabetes. To 
address if the established physiological significance of the p39 activator in vitro is also 
valid on the level of the whole animal, we investigated the glucose homeostasis in p39-
deficient mouse mutants. p39-deficient mice bred in our colony did not display any 
unusual outward phenotype. However, by monitoring the body weight at different ages 
we could demonstrate a reduced body weight compared to control littermates (Fig. 
6A,B). This could involve many different genes and mechanisms, as body weight may 
be a result of hormonal deficiencies or changes in blood glucose clearance that in turn 
are affected by body fat, lipid content and elevated free fatty acid concentrations [241].  

We focused on parameters of glucose homeostasis and performed IPGTT 
measuring the ability of p39-deficient mutants to handle a glucose challange. Glucose 
is the sugar that the body uses for energy and the primary stimulus for insulin secretion 
from β-cells that monitor changes in the blood glucose concentration. Untreated 
diabetes is, among other symptoms, characterized by high blood glucose. Our results 
showed that the absence of the p39 protein leads to a significantly higher blood glucose 
level 15 min post glucose challenge (Fig. 7A). The basal serum insulin level was 
significantly decreased in fasted p39-deficient mice (Fig. 7B). This observation 
probably reflects the inability of mutant β-cells to contribute with enough insulin under 
unchallenged conditions. The defect in the basal insulin release may to some extent 
contribute to the insufficiency in glucose clearance, which is manifested as time-
restricted glucose intolerance. The lower serum insulin concentration and a tendency 
of a reduced insulin release observed in the islet perifusion assay, could not be 
attributed to a lower insulin production since evaluation of the insulin content indicated 
no difference in p39-deficient islets compared to control (Fig. 4B).  

Summing up, we have in this study used a combination of in vitro and in 
vivo methods to support the electrophysiological recordings indicating deviations in the 
physiology of β-cells lacking the p39 protein [234]. p39-deficient mice exhibited time-
restricted glucose intolerance and impaired kinetics and efficacy of secretion as well as 
increased activity of VGCCs. In spite of these β-cell related abnormalities, p39 mutant 
mice were able to achieve stimulated glucose secretion and maintain normal blood 
glucose levels. This suggested a presence of compensatory mechanisms that are trying 
to improve the release, although they appear as inadequate for the achievement of 
maximal secretory activity and optimal β-cell function. It could also be due to a 
physiological adaption to the lack of the p39 activator. The p39-deficient mouse mutant 
is a global knock-out with the p39 gene eliminated in all cell types which makes the 
understanding of the abnormal phenotype more complicated. The capability of the p35 
activator to substitute for p39 function in brain [146], and the observed increased p39 
expression in p35 gene targeted mouse mutants [242, 243], underline the importance of 
considering compensatory mechanisms also in the interpretations of our experimental 
results.  
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4.3 PAPER III: CYCLIN-DEPENDENT KINASE 5 ASSOCIATED WITH p39 

PROMOTES MUNC18-1 PHOSPHORYLATION AND Ca2+-DEPENDENT 
EXOCYTOSIS 

 
p35 and p39 are expressed and exhibit different subcellular distribution in 
pancreatic β-cells 

During the last decade, Cdk5 has emerged as a kinase phosphorylating a 
growing list of substrates, and as a crucial regulator of many cellular processes [137, 
140]. In 2001 our group published the first evidence of expression and positive action 
of Cdk5 in pancreatic β-cells [202].  

In this study we examined the presence, subcellular distribution and function 
of Cdk5 activators p39 and p35 in insulin secreting β-cells. We proved that mRNAs of 
p35 and p39 are transcribed in primary β-cells by using RT-PCR and activator specific 
primers (Fig. 1A). The expression of the activators was also demonstrated by Western 
blot analyses (Fig. 1B) and confirmed by immunocytochemistry (Fig. 2). The Cdk5 
activators have been reported in other non-neuronal cells as well, for example in 
neutrophiles, muscle-, germ- and anterior pituitary cells [244], indicating extra-
neuronal roles of Cdk5. Findings of low p35 expression levels in unstimulated INS-1E 
cells and in primary rat and human β-cells [209] are in agreement with our results 
where the enrichment by gradient fractionation was necessary for the detection of the 
p35 immunoreactivity (Fig. 1B). On the contrary, the p39 immunoreactivity was 
stronger indicating a higher expression level. Altogether, these data proved that 
different amounts of both p35 and p39, previously considered as only brain specific 
activators, are expressed in pancreatic β-cells.  

 
Evaluation of the subcellular localization and potential variations in protein 

distribution due to stimulation is informative as each protein localizes according to its 
properties, function and available substrates. Myristoylation is believed to be the major 
plasma membrane anchor of the Cdk5 activators. p35 and p39 have short half-lives and 
may be degraded immediately after targeting and activation of Cdk5 [245-247]. This 
may explain the absence of stimulation induced localization shift of p35 and p39 (data 
not shown), that previously was shown for Cdk5 in primary β-cells [202]. Under 
unstimulated conditions, although peaking in somewhat different compartments, both 
p35 and p39 were mainly enriched in high density fractions and partly codistributing 
with the plasma membrane marker syntaxin 1 (Fig. 3). Interestingly, p35 was also 
found in fraction 2, representing soluble compartments of the cell while only p39 
colocalized with insulin (Fig. 3). This suggested that a certain pool of the p39 protein 
might be anchored close to or at the plasma membrane, and another fraction to the 
secretory granules. The observed difference in the subcellular localization of the two 
Cdk5 activators indicated that p35 and p39 might have separate functions. One example 
of substrate preference has already been reported in brain, where Cdk5, preferably in 
association with p39, has been shown to phosphorylate tau-proteins [243]. 
Codistribution of both Cdk5 activators with the plasma membrane in combination with 
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restriction to different fractions of low and high density observed in pancreatic β-cells, 
has also been reported in neurons where p35 and p39 localize to distinct but partially 
overlapping subcellular compartments [147, 148]. The presence of two different Cdk5 
activators with diverging subcellular distribution could be a solution for achievement of 
optimal and diverse Cdk5 functions in β-cells.  
 
p39 activated Cdk5 augments Ca2+-induced insulin secretion 

To date p35 has been considered as the main Cdk5 activator in brain [146]. 
Still, reports in some endocrine tissues, such as the anterior pituitary cells, emphasize 
that the p39 activator plays an important role in Cdk5 activation [152]. To examine a 
potential functional difference between the two activators in β-cell exocytosis we 
transiently overexpressed Cdk5, p35 or p39, and recorded membrane capacitance 
changes in the whole-cell patch-clamp configuration. p39 overexpression strongly 
stimulated the initial secretory response while this augmentation was absent when p35 
was overexpressed (Fig. 4A,B). The endogenous roles of activators were evaluated by 
taking advantage of antisense nucleotides. Transfection with antisense for Cdk5 and 
p39 decreased the rate of exocytosis in contrast to when p35 antisense was 
overexpressed (Fig. 4C), additionally supporting the role of Cdk5/p39. To confirm our 
results we applied the hGH release assay cotransfecting hGH with Cdk5, p35 or p39. 
hGH is predominantly localized in secretory vesicles and it is secreted in a Ca2+-
dependent manner which resembles the release of insulin [248]. Again, stimulation of 
hGH release was observed only in the case of Cdk5 and p39 coexpression (Fig. 5). 
Nevertheless, a possible function of the p35 activator, maybe in other steps of the 
insulin secretory pathway, cannot be neglected. In a studie of a p35 gene targeted 
mouse mutant, Wei and collegues pointed out this Cdk5 activator as the most important 
subunit as it appears to play an important role in high glucose-stimulated insulin 
secretion [208]. However, elevated glucose concentrations are negatively affecting 
glucose metabolism, Ca2+-handling, β-cell survival as well as expression levels of 
exocytotic proteins and insulin secretion [249-252]. Moreover, high glucose 
concentrations in INS1-E cells increased the expression and activity levels of both p35 
and Cdk5 [209, 210], which may induce pathological mechanisms resembling those 
provoked by hyperactive Cdk5 in Alzheimer’s disease [138, 208]. Inhibition of Cdk5 
diminishes these dangerous side-effects and recovers normal insulin secretion, which 
leaves an impression of p35/Cdk5 playing a negative role.  
 
The Munc18-1 protein in Ca2+-induced insulin exocytosis 

Destabilization of the Munc18-1/syntaxin 1 complex, suggested to be 
mediated by phosphorylation and conformational changes, influences exocytosis. It has 
been demonstrated that Cdk5 co-purifies, directly interacts with, and utilizes Munc18-1 
as a phosphorylation substrate [104, 253]. Therefore, we investigated the possibility 
that Cdk5 acts via phosphorylation of the Munc18-1 protein also in regulated insulin 
exocytosis. Transient cotransfections of intact and mutated Munc18 templates, Cdk5, 
p35 or p39, followed by capacitance recordings demonstrated that Munc18-1 together 
with Cdk5/p39 promotes Ca2+-dependent insulin release in primary β-cells. On 
contrary, the combined overexpression of p35 and Munc18-1 did not augment 
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exocytosis. The observed Cdk5/p39 stimulatory effect was specifically abolished when 
the construct with a mutated Cdk5 phosphorylation site (Munc18-Cdk5) was used (Fig. 
6). Therefore, we could conclude that p39 activated Cdk5 enhances insulin secretion, 
likely via phosphorylation of Munc18-1, which probably could modulate the 
conformation of the Munc18-1/syntaxin 1 complex. In the case of the Munc18-1 
protein phosphorylation, both Cdk5 and PKC should be considered [254, 255], and to 
avoid direct or indirect activation of other kinases our experiments were performed in 
the absence of cAMP. When interpreting our data one should keep in mind that both 
Cdk5 and Munc18-1 are multifunctional proteins. Besides controlling kinetics of 
exocytosis through protein phosphorylation, Cdk5 has for exemple also been 
demonstrated to modify fusion pore dynamics in adrenal chromaffin cells [255]. Both 
syntaxin dependent and independent Munc18-1 activities in the secretory cascade have 
been established [106]. Moreover, Munc18-1 is a horseshoe shaped protein consisting 
of three different protein interacting domains with large contact surfaces that are not 
occupied by syntaxin 1, and thereby free for other protein interactions. Indeed, many 
proteins implicated in regulated exocytosis have been reported to interact with 
Munc18-1, including the mint protein [256], granuphilin [257], and factors that initiate 
loosening of the Munc18-1/syntaxin 1 complex; Munc13-1 and tomosyn [43, 258]. 

In conclusion, our data presented the requirement for and a positive role of 
p39 activated Cdk5, in concert with the Munc18-1 protein, in regulated exocytosis of 
insulin.  
 
 
4.4 PAPER IV: TOMOSYN IS EXPRESSED IN β-CELLS AND NEGATIVELY 

REGULATES INSULIN EXOCYTOSIS 
 
Tomosyn is expressed and coprecipitates with syntaxin 1 in pancreatic β-cells 

Since the availability of syntaxin 1 for the SNARE complex initiation is an 
important issue also in β-cell secretion, we investigated the expression of tomosyn, a 
protein that is capable of displacing Munc18-1 from the high affinity complex with 
syntaxin 1 [119]. Western blot analyses demonstrated the presence of a 130 kDa 
protein in both RINm5F and HIT-T15 insulin secreting cells (Fig. 1A). Moreover, we 
showed that three splice variants, earlier identified and named m-, s-(small) and b-(big) 
tomosyn [120], are present in RINm5F cells and in rat islets (Fig. 1B). The soluble 130 
kDa tomosyn protein was originally isolated from the rat cerebral cytosol as an 
interaction partner of syntaxin 1 [119]. Here we have identified tomosyn as an 
additional SNARE related regulatory protein that is shared between neurons and β-
cells. Our results confirmed a simultaneously published investigation [128] 
demonstrating specific amplification of all the three tomosyn isoforms in insulin 
secreting cells.  

The cellular distribution of tomosyn was determined by 
immunohistochemistry and subcellular fractionation studies. Sucrose gradient analyses 
in mouse islets showed that the tomosyn immunoreactivity was, although not 
homogenously, detected throughout the whole gradient, in both low and high density 
fractions. A concentration peak of the protein was observed in fractions 2-4 
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corresponding to soluble intracellular compartments (Fig. 1C). Comparing the 
localization of tomosyn with that of syntaxin 1 (fraction 4-11) and insulin (fraction 8-
15), we showed that tomosyn mainly colocalized with syntaxin 1 (Fig. 1C). This did 
not exclude the possibility that a small part of the expressed tomosyn protein may 
associate with insulin granules. Together, our results indicated possible roles of 
tomosyn both in the cytoplasm and in events close to the plasma membrane, which is in 
accordance with other observations presenting tomosyn as a mainly cytoplasmic 
regulator but also associating with synaptic vesicles, insulin granules and the plasma 
membrane [259]. In consistency with the shift of Munc18-1 localization detected in 
study I, stimulation-dependent translocation of tomosyn from soluble to plasma 
membrane fractions has been detected in adrenal chromaffin cells [260]. 
Immunohistochemistry visualized scattered tomosyn reactivity in all rat islet cells (Fig. 
2) while immunoprecipitation in HIT-T15 cells (Fig. 1D) confirmed earlier studies on 
tomosyn-syntaxin 1 association [119]. Differently from the Munc18-1 protein, which is 
binding to several members of the syntaxin protein family, tomosyn was initially 
claimed to exclusively interact with syntaxin 1, both the 1A and 1B isoforms [119]. 
However, a novel role for the ubiquitously expressed b-tomosyn, together with 
Munc18-3 and syntaxin 4, in insulin-stimulated GLUT-4 vesicle transport has recently 
been reported [198]. 

 
Overrexpression of tomosyn negatively affects insulin exocytosis 

To monitor potential changes in Ca2+-triggered exocytosis upon tomosyn 
overexpression we measured the increase in membrane capacitance during a 
depolarizing train in single β-cells. The overexpression of tomosyn impaired the 
exocytotic response by approximately 60 % when compared to control cells, both after 
the first depolarizing pulse and following the whole stimulation train (Fig. 4A,C,D). In 
the presence of forskolin, a substance commonly used to experimentally raise 
intracellular cAMP levels, control cells exhibited a strong augmentation of exocytosis 
while the combination of tomosyn with forskolin reduced the increase in membrane 
capacitance (Fig. 4B,C,D). The cAMP production was not different in cells expressing 
forskolin, or forskolin together with tomosyn, confirming the specific inhibitory role of 
the tomosyn protein (Table 1). cAMP activates PKA that has been shown to 
phosphorylate tomosyn both in vivo and in vitro and to abolish its negative function 
[127]. Our studies suggested that PKA is not a relevant kinase for tomosyn 
phosphorylation in the regulation of insulin secretion, as was proposed in 
neurotransmitter release [127]. To confirm the results obtained by overexpression, we 
applied the hGH cotransfection and secretion assay. Further evidence for an inhibitory 
role of tomosyn in glucose- and forskolin-stimulated secretion was achieved when 
tomosyn transfected cells exhibited a reduced hGH secretion (Fig. 5A). In summary, 
our data suggested a negative role of tomosyn in Ca2+-dependent and cAMP evoked 
insulin secretion. Investigation of the endogenous role of tomosyn by selective 
reduction of expression levels, using siRNA directed against all the three isoforms, 
resulted in an enhancement of exocytosis (Fig. 4F, G and Fig. 5B). Although 
conflicting results have been presented in other reports [127, 128], our siRNA 
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experiments are consistent with the observations that tomosyn-1 mutant mice display 
enhanced synaptic transmission [261]. 

In terms of secretion, overexpression and downregulation of tomosyn 
have created contrasting results. In the first published studies, tomosyn was proposed as 
a possible positive fine-tuner of exocytosis, increasing the availability of syntaxin 1 by 
releasing it from the complex with Munc18-1 [119, 120]. However, the catalytic role 
was questioned by obvious negative influence on exocytosis in both neuroendocrine 
cells and neurons [259]. The inhibitory effect of this protein was proposed to originate 
from its dual actions, by its C-terminal synaptobrevin-like SNARE domain that forms 
dead-end SNARE complexes and by the N-terminal WD domain that enhances 
SNARE complex oligomerization [259].  
 
Tomosyn influences Ca2+-sensitivity of exocytosis 

To explain the decreased secretory response upon tomosyn 
overexpression we considered the alternative that tomosyn affects the Ca2+-sensitivity 
of regulated exocytosis. Indeed, in tomosyn transfected cells the Ca2+-affinity of release 
was significantly shifted towards higher [Ca2+]i (Fig. 6), indicating that the tomosyn 
protein reduces insulin secretion by changing the Ca2+-dependence of exocytosis and 
thereby delaying the secretory response until the higher [Ca2+]i is reached. As suggested 
by Hatsuzawa and colleagues [124], tomosyn may be engaged in modulation of the 
number of readily releasable vesicles or their fusion competence. Parallels can be 
drawn between our data, showing shifted Ca2+-sensitivity and diminished fusion rate in 
the case of tomosyn overexpression, and reports which demonstrated that tomosyn 
exerts a negative effect on vesicle fusion probability and impairs secretion at a Ca2+-
dependent step [126, 130]. Recently, in a model based on the presence of different 
vesicle populations in chromaffin cells, it has been shown that tomosyn inhibits 
priming by dual actions; by attenuating the immobilization of approaching vesicles and 
by reducing the release probability of already docked vesicles [130]. This puts focus on 
tomosyn as a player interacting with vesicle dynamics and as a link between functional 
docking and efficient priming.  

In summary, we demonstrated the presence and functional significance of 
tomosyn, a syntaxin 1 interacting protein, in regulated insulin secretion. We described 
tomosyn as an inhibitory accessory protein influencing exocytosis in β-cells. 
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5 CONCLUSIONS AND SUMMARY OF THE THESIS 
 
Insulin secreting β-cells constitute a complex biological system. A 

diversity of signaling pathways and regulatory proteins take part in the stimulus-
secretion coupling, and there are also multiplex interactions with the environment 
within the pancreatic islet. Hormone and neurotransmitter release are based on Ca2+-
triggered exocytosis. The sequential steps of the insulin release pathway are executed 
and regulated by fundamental mechanisms and core proteins comparable to those 
identified in synaptic transmission. Alternations in the secretory function of β- cells can 
have major consequences for human health and today there are few molecules known 
that supplement the release of endogenous insulin. Insulin plays a pivotal role in the 
achievement of blood glucose homeostasis, and inappropriate regulation of insulin 
secretion is one of the causes of diabetes.  

By using conventional molecular biology methods in combination with 
techniques resolving temporal and spatial dynamics of exocytosis, this thesis has 
focused on identification and dissection of novel molecular mechanisms and regulatory 
components of insulin secretion. Members of the SM protein family, including the 
Munc18-1 protein, are well-known and conserved modulators of multiple vesicle 
trafficking steps. Genetic deletion of SM proteins results in impaired or abolished 
secretion indicating their unconditional significance. In spite of this, controversial 
reports on their exact function, site of action, and both inhibitory and augmenting roles 
are still debated. We have here demonstrated the presence and action of Munc18-1, and 
of an additional SM protein variant, Munc18-2, in mouse pancreatic β-cells. The 
Munc18-2 isoform exhibited a different subcellular localization and function in the 
Ca2+-sensitivity of insulin release compared to the already established role of the 
Munc18-1 protein. Hence, Munc18-2 might be a new potential Cdk5 phosphorylation 
substrate correlated with insulin secretion. With the aim to identify supplementary 
accessory proteins that are involved in the molecular machinery underlying regulated 
insulin secretion we investigated the function of the tomosyn protein. The presence of 
three distinct tomosyn isoforms was demonstrated in insulin secreting β-cells, and we 
could categorize tomosyn as an additional regulatory component that is shared between 
neurons and β-cells. In addition, we showed that tomosyn interacts with the t-SNARE 
protein syntaxin 1 and negatively affects β-cell insulin exocytosis. Protein diversity 
originating from alternative splicing and the coexistence of several Munc18 and 
tomosyn isoforms in the same β-cell could be a solution for the highly organized 
temporal and spatial regulation of insulin exocytosis. In addition this might be 
important in generation of differential vesicle release properties and pathways 
underlying distinct secretory phases in β-cells.  

Phosphorylation and dephosphorylation of exocytotic components by 
protein kinases and phosphatases are fast and dynamic regulatory tools governing 
numerous cellular processes, including membrane fusion. In our fractionation studies 
we indirectly proved that Cdk5 and PKC phosphorylation of Munc18 proteins is 
regulating their subcellular localization. Furthermore, during electrophysiological 
recordings phosphorylation emerged as a definitive requirement for Munc18 
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management of the Ca2+-sensitivity and rate of insulin exocytosis. Hence, we 
confirmed the essence of phosphorylation also in β-cells, not only for the activity of the 
SM proteins and their impact in modulation of the Ca2+-sensitivity of exocytosis, but 
also for their intracellular localization and cycling. Another major finding in this thesis 
was that we presented evidence for the expression and positive role of p39 activated 
Cdk5 in insulin exocytosis. Both p35 and p39 activators were present in pancreatic 
islets and we proposed that the p39 protein is the main and most important Cdk5 
activator in β-cell Ca2+-dependent exocytosis. Moreover, we showed that Cdk5, 
specifically activated by p39, promotes Ca2+-triggered insulin release, at least partly, 
via phosphorylation of the Munc18-1 protein. Requirement for Cdk5 in membrane 
dynamics and secretion is well-recognized in synapses, and it is known that Cdk5 
activation relies on two regulatory subunits, p35 and p39.  

To extend our in vitro findings and further analyze the mechanism of p39 
mediated insulin secretion, we took advantage of a mouse mutant with the p39 gene 
disrupted. This global knock-out mutant has almost exclusively been used in neuronal 
studies, and so far the information concerning the role of the p39 protein in insulin 
secretion and animal physiology has been limited. Interestingly, we revealed that the 
absence of the p39 activator results in both abnormal glucose homeostasis and serum 
insulin levels in the whole animal. Experimental approaches analyzing secretory 
responses on the level of p39-deficient islets and individual β-cells indicated 
insufficiencies in the efficacy, kinetics and Ca2+-sensitivity of exocytosis as well as 
impaired VGCC activity. Hence, we confirmed previous in vitro findings of the p39 
importance in Ca2+-triggered release. We also suggested that the p39 activator is a 
pivotal modulator of insulin exocytosis that might be of interest in the research of 
failing insulin release associated with metabolic disorders such as type 2 diabetes.  

In conclusion, insulin secreting β-cells share many properties with their 
neuronal counterparts by utilizing the same conserved core fusion machinery. 
Nevertheless, there is also a requirement for prominent and specific modulators, critical 
for preservation of the diversity of the β-cell secretory response. In contrast to neuronal 
cells, pancreatic β-cells express additional SM proteins that regulate exocytosis, such as 
Munc18-2. Several members of the originally considered brain specific Cdk5 
regulators, p35 and p39, and the tomosyn protein, are shared between β-cells and 
neurons and play specific regulatory roles in the release of insulin. Variations in 
expression levels of key exocytotic components have often been related to various 
physiological and pathological conditions, including diabetes mellitus. The exact 
mechanism by which Munc18 proteins and Cdk5/p39 implement their augmenting 
effects on insulin secretion will be a target for future experimental studies. Other 
factors with contrary and limiting impacts, such as the tomosyn protein, as well as the 
balance between expression levels of functionally interacting proteins in the insulin 
secretory pathway need to be considered. Major challenges remain in improving the 
understanding of diabetes related disturbances and in developing better therapeutic 
strategies. Therefore, future labors should focus on understanding how β-cells release 
insulin and on formulation of a unifying model that links evolutionary conserved and 
novel exocytotic components with the complex secretory features of β-cells. 
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