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Chapter 1 

 

General Introduction 

 

Every moment of inspiration, every dream, and every thought begins with the release of chemical 

signals from a synaptic vesicle. At roughly 42nm across, it is an unimaginably small structure, yet 

it may contain approximately 1800 neurotransmitter molecules [1], the essential signaling units in 

neural communications. At synapses, specialized contact points between neurons, signal 

transmission is achieved by secretion of these molecules through fusion of synaptic vesicles with 

the plasma membrane. Complex protein machinery tightly controls this, allowing the synchronous 

release of neurotransmitter from synaptic terminals throughout a neuron’s axon in reaction to an 

action potential. Only some hundreds of microseconds later [2] neurotransmitters have crossed 

the synaptic cleft, the gap between pre- and post-synapse, and bound to post-synaptic receptors, 

producing a response in the receiving neuron [3]. While this process is incredibly fast, synaptic 

vesicle release is also highly variable in reliability. The probability of vesicle fusion in a synapse, 

upon arrival of an action potential, varies between 0 and 1 within single neuron types [4]. An 

advantage of having the release probability below 1 is that it provides room for changing the 

strength of a synaptic connection in response to neuronal activity [4]. Indeed, synaptic vesicle 

fusion is well established to be highly plastic, and to adapt to both short-term [5] and long-term 

activity [6]. Taking into account the potential for thousands of synapses per neuron, such 

modulation at the level of individual synapses provides staggering computational capacity. Yet 

many aspects of modulation of synaptic vesicle fusion remain poorly understood. This represents 

a key component missing in our understanding of how the brain achieves higher cognition. 

1. The synaptic vesicle life cycle 

In order to maintain neurotransmitters ready for release at the pre-synapse, a constant supply of 

synaptic vesicles is required. To accommodate this, synaptic vesicles go through a life cycle 

consisting of recruitment to the plasma membrane, vesicle release, and membrane retrieval 

followed by recycling.  
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The presynapse contains large clusters of synaptic vesicles, partially kept together through liquid 

phase separation from high concentrations of synapsin [7] (Fig. 1A; item 1). Traditionally these 

are divided in three distinct pools in the synapse: the reserve pool, the recycling pool, and the 

readily releasable pool (RRP) [8]. Vesicles are recruited from the recycling pool to the RRP, 

however the reserve pool is only used during strong stimulation, and only to a limited extent. 

Given this minimal supply of vesicles from the reserve pool, alternative functions have been 

suggested, including serving as a protein buffer [9], and a store for aged vesicles and release 

machinery [10]. Recruitment of synaptic vesicles to the RRP is canonically divided in two 

sequential steps: docking and priming (Fig. 1A; item 3). Tethering, an additional stage preceding 

this may also be defined, which represents vesicles more distally bound (<45nm) to the plasma 

membrane than in docking (0-5nm) [11], and is implicated in defining the synchronicity of vesicle 

release [12,13] (Fig. 1A; item 2). When docked, vesicles are trapped in the active zone, a region 

in the presynapse opposing the post-synaptic density, where neurotransmitter receptors cluster. 

Priming is defined as the process that makes (docked) vesicles fusion competent. However, the 

main distinction between the two is methodological. The number of docked vesicles are generally 

morphologically identified using electron microscopy (EM), as vesicles near, or attached to the 

plasma membrane [14], while the primed pool of vesicles is quantified using a functional read out 

of the number of releasable vesicles [15,16]. Recent advances in EM have shown that many 

genes essential for priming, also affect vesicle distribution, by placing vesicles closer to the 

plasma membrane [11,17]. As such, there may be considerable overlap in the processes defined 

as docking and priming. However, the distinction remains physiologically relevant, as removal of 

two core active zone members (RIM and ELKS) leads to near complete disruption of the docked 

pool in EM. Yet a pool of releasable vesicles, as measured with hypertonic sucrose stimulation, 

remains [18]. This result is surprising, especially given that removal of RIM also reduces levels of 

the essential priming factor Munc13 in the presynapse [18,19], and deficiency of either RIMs or 

Munc13s leads to far greater reductions in the primed pool [18,20,21]. Strong disruption of the 

active zone may allow for alternative fusion pathways, largely independent of Munc13. The 

implication of this is that docking is more than a step to facilitate vesicle priming, and provides a 

mechanism for control and regulation of the fusion process itself.  

Fusion competent vesicles generally maintain their primed state until a sufficient trigger for 

release arrives. The main trigger is the action potential, which produces locally a strong increase 

in the Ca2+ concentration, by opening voltage gated Ca2+ channels (VGCCs) in the active zone. 

This activates Ca2+-sensors located on the vesicle that set off the exocytosis machinery. Recent  
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Figure 1. The synaptic vesicle life cycle 

(A) Overview of the presynapse marking (1) the recycling pool from which vesicles are recruited to the 

active zone, and (2) tethered to the plasma membrane. From here vesicles are docked and primed (3). 

Upon Ca2+ influx vesicles form a fusion pore with the plasma membrane (4a), and either proceed to full 

collapse (4b), or are retrieved in a kiss-and-run event (4a). When collapsed fully the vesicle membrane 

needs to be endocytosed, either clathrin mediated (5a), or through bulk endocytosis (5b). Once the 

vesicle membrane is retrieved they may either be recycled directly (6a) or through an endosome 

intermediate (6b). (B) Depiction of pre-fusion vesicle, with a Syt1 Ca2+-sensor next to a Ca2+-channel 

during peak Ca2+ (100µM). Note: Ca2+ only depicted within 35nm radius from the Ca2+-channel. Ca2+ 

ions enlarged for visibility. 
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estimates of peak Ca2+ in this moment range from roughly 100-10µM in a 10-45nm range from a 

VGCC cluster [22], meanwhile coupling distances for Ca2+-sensors is put in a range from 10-75nm 

[3]. To put these numbers into perspective, 100µM Ca2+, in a half-sphere volume 35nm in radius, 

amounts to roughly 5 individual calcium ions, the number a single molecule of the fast Ca2+-sensor 

Synaptotagmin-1 (Syt1) binds (Fig. 1B). The number of Syt1s per synaptic vesicles is estimated 

at 15 [1], leaving  plenty of empty binding spots that may stimulate release further when a stronger 

Ca2+ influx is presented, for instance through repetitive stimulation. Triggering of synaptic vesicle 

fusion with the plasma membrane is generally believed to lead to full collapse of the synaptic 

vesicle, placing all its content outside of the synaptic plasma membrane (Fig. 1A; item 4b). 

However, an alternative release pathway exists, referred to as kiss-and-run, where the vesicle 

keeps its shape and molecular identity and cargo is released through a semi-stable fusion pore 

between the vesicle and plasma membrane [23–26] (Fig. 1A; item 4a).  

An advantage of kiss-and-run fusion is its potential for much faster recycling of vesicles. Here 

vesicles could simply be pinched off the plasma membrane and keep part of its intrinsic proteins 

[27]. However, the most well-established pathway for retrieval of synaptic vesicles is clathrin 

mediate endocytosis. In this process, clathrin molecules coat a section of the inner plasma 

membrane, inducing curvature through the rounded lattice that it forms. After sufficient 

invagination of plasma membrane, scission proteins cut the neck, separating the newly formed 

vesicle from the plasma membrane [28] (Fig. 1A; item 5a). Synaptic vesicles are then derived 

directly from uncoating these vesicles (Fig. 1A; item 6a), or through an intermediate endosome-

like structure [29] (Fig. 1A; item 6b), completing the cycle and making the vesicle available for 

recruitment to the plasma membrane again. This whole endocytosis and recycling process 

requires several seconds to complete, which given high-frequency signaling might be disruptive 

to continued neurotransmission. However, several faster and clathrin independent pathways for 

endocytosis have recently been identified, including bulk endocytosis, and ultra-fast endocytosis 

(Fig. 1A; item 5b). As both are in part activity dependent, these pathways likely represent 

adaptations to meet the demand for faster membrane retrieval, thus maintaining constant 

membrane area and tension, as well as a healthy supply of releasable vesicles during high-

frequency activity [30]. This ensures that synaptic vesicle release can be sustained both at low 

and high signaling demand, and provides sufficient room for signal modulation. 
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2. Energy barriers and requirements of synaptic vesicle fusion 

Fusing a synaptic vesicle with the plasma membrane requires completion of several energy 

intensive intermediates. In order to achieve this, an intricate reaction pathway between the two 

membranes is required, the details of which have not yet been fully uncovered. However, when 

examining a far reduced scenario a number of energy barriers to fusion can be identified.  

2.1 Barriers to membrane contact 

The first requirement for vesicle fusion, is contact between the vesicular phospholipid bilayer, and 

the target phospholipid bilayer. Considering the simplest scenario of a homogenous lipid bilayers 

with neutral surface charge, two repulsive forces can be identified. As the phosphate head groups 

are hydrophilic, water molecules arrange around them and form a layer separating opposing lipid 

bilayers. Given the energy requirement of removing these water molecules to allow the bilayers 

to come into contact, this phenomenon may be referred to as hydration repulsion, or a hydration 

barrier [31–33]. A second repulsive force is generated by random fluctuations or undulations in 

the membrane, causing entropic pressure through random protrusions towards the opposing 

bilayer [32,34].  

Within the synapse, contact between two bilayers is further complicated by membrane-associated 

proteins crowding potential contact site. Such steric hindrance may create an obstacle for fusion, 

especially given restricted mobility of proteins anchored to the cytoskeleton [31]. However, with 

the high level of specialization for fusion and organization in the synaptic active zone, such 

hindrance is unlikely unless post-fusion site clearance is insufficient to keep up, for instance, due 

to high levels of activity [35]. The physical properties of the different lipids composing the 

membrane can also influence the energy requirements for fusion. Given large amounts of 

negatively charged phospholipids in both the vesicle and plasma membrane [1,36,37], 

electrostatic repulsion between the two membranes is to be expected. In line with this, a recent 

study shows that adding positive charge to the SNARE (Soluble NSF attachment Receptor) fusion 

complex increases fusion rates in a multiplicative manner [38], indicative of a change in the fusion 

energy barrier (see Chapter 2) due to decreased electrostatic repulsion between the membranes. 

Formation of specific lipid domains provide additional complexity to the influence of lipids on the 

energy required for fusion [39], and, perhaps suggestively, highly negatively charged 

phosphatidylinositol-4,5-bisphosphate (PIP2) has been shown to cluster with essential vesicle 

priming and fusion proteins [40–45]. Finally, certain lipids self-assemble into curved monolayers 
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and thereby potentially aid in achieving initial membrane deformation [46–48]. Among these lipids 

is diacylglycerol (DAG), which is also implicated in a synaptic signaling pathway for modulating 

vesicle fusion rates [49]. 

2.2 Lipid stalk formation, hemifusion, and establishing a fusion pore 

Experimental and modelling studies have established a number of intermediate states for the 

fusion process. In order to set off initial mixing of lipids between the vesicle and plasma membrane 

(Fig. 2A), the two membranes might be induced to bend towards each other, forming small high 

curvature protrusions (Fig. 2B). Here, due to increased membrane tension and compression of 

lipid tails, lipids may flip from one bilayer to the other [50,51] (Fig. 2D). Alternatively, membrane 

proteins may force fissures in the arrays of hydrophilic phosphate heads, exposing the 

hydrophobic tails (Fig. 2C). In this model hydrophobic forces induce the lipids to splay between 

the two membranes [52] (Fig. 2D). Irrespective of the manner of first contact, the fusion process 

is well established to proceed by forming a stalk, where the proximal monolayers of the two 

membranes create a bridge between the vesicle and the plasma membrane [53,54] (Fig. 2E).   

After stalk formation, lipids in both membranes may be reordered, extending the stalk radially to 

form a hemifused region. The hemifused diaphragm consists of a single bilayer between the 

vesicle interior and the synaptic cleft (Fig. 2G). From here membrane tension may induce rupture 

at the hemifusion rim to create a fusion pore [51,55,56] (Fig. 2H). However, the physiological 

relevance of the hemifused intermediate remains contentious [54]. Pore formation becomes 

increasingly costly with larger hemifused regions [52,57], and experimental observations of 

hemifused vesicles only lead to fusion after several seconds [58]. Meanwhile, observations from 

both modelling and experimental evidence indicate that fusion may proceed without any 

discernable hemifused intermediate at all [58–60] (Fig. 2F). As such, hemifusion may be unlikely 

in fast vesicle fusion [31]. However, this conclusion is in contrast to a recent attempt to identify 

the least-energy pathway of membrane fusion. This approach indicated that pore formation 

immediately from a stalk comes at great energy cost (~120 kBT). In comparison, pore formation 

in a hemifused region only required 35-40 kBT, as long as the region remains limited in size [52]. 

2.3 Membrane contact expansion 

Radial expansion of the stalk requires substantial energy, establishing contact between the distal 

vesicular and plasma membrane monolayers [48]. This is irrespective of whether the next stage 

is a hemifused intermediate or direct formation of a fusion pore. Membrane tension is likely a 
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major player in driving this expansion [31,51]. Here, the lipid compositions of the membranes may 

be critical. Addition of lipids that induce spontaneous membrane curvature at edge of the 

stalk/hemifused region switch the process from increasingly energy consumptive, to occurring 

Figure 2. Lipid membrane fusion intermediates 

Hypothetical stages of lipid membrane fusion, with divergent pathways indicated by arrows. (A) Vesicle 

and plasma membrane are in apposition. In order to allow exchange of lipids membranes are either 

bend towards each other (B), or a fissure in the hydrophilic head arrangement is created (C). Lipids 

may now splay and bridge the two membranes (D), causing a stalk to form (E). This may either lead to 

immediate fusion pore formation (F) or proceed to a hemifused intermediate (G), which may rupture at 

the rim to create a fusion pore (H). These stages may represent separate stable states, with the energy 

barrier for pore formation likely representing the effective activation energy (Ea) for the process (I).
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spontaneously after passing an initial energy barrier [52]. Furthermore, negatively charged lipids 

may be concentrated in the neck of the stalk via electrostatic forces. As a result of this 

concentration, the outer layer of the vesicle membrane tightens, driving the relative excess in 

lipids in the inner layer into widening the stalk, promoting contact between the distal vesicle and 

plasma membrane lipid layers [48]. The electrostatic force required for this may be generated by 

adding positively charged Ca2+ ions to the system and trapping them at the neck [48]. Here the 

fusion trigger Syt1 may play a substantial role, both through binding Ca2+ close to the membrane, 

and through Ca2+ independent association with negatively charged lipids [45,61].  

2.4 Fusion pore dynamics 

Once a fusion pore is opened, its lifetime is tens of microseconds to hundreds of milliseconds [54]. 

Furthermore, continued expansion and subsequent collapse of the vesicle with plasma membrane 

is not a given [54,62]. As previously discussed, vesicles may undergo kiss-and-run fusion, where 

the vesicle is maintained and the pore is simply closed again [23,27]. Alternatively, a relatively 

constant fusion pore size with a shrinking vesicle has been observed in chromaffin cells [63], 

indicating diffusion of lipids from the vesicle membrane through the fusion pore into the plasma 

membrane. In this, it is important to note that the size and dynamics of fusion are not solely 

determined by the lipid membranes. Instead, the fusion pore is likely constituted from a mix of 

lipids and the transmembrane domains of SNARE proteins [54,64], which through additional 

protein interactions may regulate the size and stability of the fusion pore [63]. In addition to forming 

part of the fusion pore, the SNARE complex is also a major factor in delivering the force required 

for everything from membrane contact, to fusion pore expansion [60,65,66], making them 

essential to the fusion process in overall.  

2.5 Energy costs for membrane fusion 

Taken together, there is no doubt that the energy cost of fusion is substantial. However, modelling 

based estimates of the cost involved in each intermediate vary widely, and often result in 

prohibitively high energies for fast fusion to proceed [55], casting doubt on their theoretical 

underpinnings. Recent experimental observations of spontaneous events in a bulk fusion assay 

derive a global activation energy (Ea) of ~30 kBT by fitting the Arrhenius equation to fusion rates 

at different temperatures [67]. This value is close to a predicted least-energy fusion pathway which 

estimates 30 kBT for stalk formation, 30 kBT for hemifusion, and 35-40 kBT for pore formation, 

resulting in an effective activation energy for the full fusion process of ~40 kBT [52] (Fig. 2I). 

However, these estimates are based on pure liposome based systems, and, as such, do not take 
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into account possible protein interactions. Through association with membranes, insertion in the 

lipid bilayer, and regulated force application, the protein based release machinery likely changes 

the precise energy requirement of the process [3,38], and activation of presynaptic signaling 

pathways may modulate the energy barrier on short time scales [68–71]. Furthermore, this may 

affect which intermediate stages are involved, such as the absence of a hemifused state [60].  

So far the concept of an energy barrier for fusion has mainly been considered for in vitro settings. 

Defining the role the fusion energy barrier plays inside a living synapse remains challenging, and 

is complicated further by the different possible intermediates. Furthermore, it is not yet certain 

that modulation of the fusion energy barrier has a meaningful impact on release, in the context of 

a highly controlled fusion machinery. However, given the exponential relationship between the 

height of the energy barrier and the reaction rate of fusion [72,73], enormous potential for 

modulating synaptic vesicle release may be present in the energetic contributions of proteins in 

the fusion process. As such, exploring presynaptic mechanisms that modulate the energy barrier, 

and the impact they may have on release, is a highly relevant subject. Mechanism for exponential 

potentiation of release are likely of key importance to short-term plasticity, and synaptic 

computation.  

3. Core fusion machinery for synaptic vesicle release 

Precise coupling of vesicle fusion with the presynaptic AP involves the complex interplay of a set 

of proteins, called the fusion machinery. The main component of the protein release machinery is 

made up from the SNARE complex. This is also the main source of force generated to overcome 

the fusion energy barrier. Essential docking and priming factors chaperone the SNAREs, ensuring 

correct assembly and maintenance of the complex. Key regulatory proteins make the fusion 

process Ca2+-sensitive and control the timing of neurotransmitter release. Tight collaboration 

between these proteins and the SNAREs ensure that vesicle fusion can be achieved on 

microsecond timescales, but also provide the required flexibility to allow modulation of release.  

3.1 SNAREs: VAMP2, syntaxin-1, and SNAP25 

In order to bring the vesicle in contact with the plasma membrane, the SNARE complex consists 

of both vesicle bound, and plasma membrane bound proteins. In neurotransmitter release the 

main vesicle bound SNARE protein is VAMP2 (Vesicle-associated membrane protein 2, or 

synaptobrevin-2), and the main plasma membrane bound proteins are syntaxin-1 and SNAP25 

(Synaptosome Associated Protein 25). To form a complex they bind their characteristic coiled coil 
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SNARE motifs together, forming a parallel four-helix bundle (with two helices contributed by 

SNAP25) [74] (Fig. 3). The SNARE motifs are bound together in the core of the bundle by 

hydrophobic residues and the association of one key arginine residue (from the R-SNARE VAMP2) 

with three glutamine residues (from the Q-SNAREs syntaxin-1 and SNAP25) [75]. Association 

begins at the membrane-distal end of the helices, and then proceeds in a zippering fashion 

towards the transmembrane domains, most likely generating sufficient force to bring the vesicle 

and plasma membrane together and initiate fusion [76–78].  

3.2 Docking and priming factors: Munc18, Munc13, RIM, and CAPS 

Before assembly of the complex, the SNARE motif of syntaxin-1 is shielded by its Habc domain 

preventing association with VAMP2 and SNAP25. This so called closed conformation of syntaxin-

1 is maintained by Munc18, a member of the Sec1/Munc18 (SM) protein family [79–82]. Thereby, 

Munc18 creates the template for SNARE complex assembly [83]. The active zone protein Munc13 

catalyzes the transition of syntaxin-1 to an open conformation [84], and together with Munc18 

ensures proper assembly of the SNARE complex [85]. Additionally, Munc13 may aid the fusion 

complex by bridging the two membranes, associating to one membrane with both its DAG-binding 

C1 domain and its Ca2+/PIP2 binding C2B domain, and associating to another membrane with its 

C2C domain [86]. Finally, both Munc18 and Munc13 prevent disassembly of the SNARE complex 

by NSF [87,88], stopping de-priming and keeping synaptic vesicles in release-ready state. As 

such, it is not surprising that both Munc18 and Munc13s are essential for establishing a fusion 

competent vesicle pool, with ablation of the dominant isoforms leading to complete loss of 

neurotransmission [21,89]. 

Additionally, the RIM active zone proteins are essential for docking and priming of synaptic 

vesicles [18,43,90–92], and, in cooperation with RIM-binding proteins, tether Ca2+-channels close 

to fusion sites [92–94]. Furthermore, RIMs activate Munc13, and anchors it in the active zone 

[91,95], allowing it to perform its essential function in readying the SNARE complex [11,20,21]. 

CAPS (Ca2+-dependent activator protein for secretion) is also an essential priming factors [96], 

and contains a Munc13 homology domain [97,98], making it likely that it acts in a similar fashion 

to Munc13 [99].  

3.3 Fusion regulators: Synaptotagmins and Complexins 

Synaptotagmin-1 (Syt1) is the main Ca2+-sensor responsible for triggering vesicle fusion 

synchronous with the AP [100–102]. Syt1 contains a vesicle bound transmembrane domain and 
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two Ca2+-sensing C2 domains separated by a flexible linker, providing three and two Ca2+-binding 

sites in its C2A and C2B domain, respectively [103–106]. The C2B domain, besides participating 

in the tripartite interface, has another SNARE complex binding site essential for fusion, referred 

to as the primary interface [107,108] (Fig. 3), and likely more SNARE complex interfaces exist 

[109,110]. Additionally, Syt1 has a lysine rich polybasic patch (plus symbols in Fig. 3), and two 

arginines on the bottom of its C2B domain that bind PIP2 [40–42,45], making it ideally equipped 

to regulate vesicle fusion. Syt1 has been implicating in linking membranes [12,45], bending 

membranes [111], and creating an electrostatic switch upon Ca2+-binding beneficial for fusion [38]. 

Figure 3. Model of the SNARE-complexin-synaptotagmin complex 

Cartoon representation of the prefusion complex formed by the SNAREs (Syntaxin-1;yellow, 

SNAP25;green, VAMP2;dark blue), Synaptotagmin-1 (C2A;dark orange, C2B;light orange), and 

Complexin (light blue; only the central helix is depicted). Here the SNAREs form a 4 helix bundle, with 

complexin together with HA-helix in the C2B domain forming a fifth helix. This represents the tripartite 

interface. Further depicted is the primary interface of Syt1 with the SNAREs, where the polybasic patch 

(plus symbols), is close to the plasma membrane. Finally, Ca2+-binding sites are depicted has loops at 

the top of the C2A and C2B domains. Model based on described crystal structure [108]. 
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Finally, Syt1 has been observed to be capable of forming ring-like oligomers. The rings 

disassemble with the introduction of Ca2+, and have been proposed to be linked to Syt1’s well-

established release inhibitory function [112–115]. However, it is unclear how this model may be 

combined with observed Syt1-SNARE complex interactions [83].  

When Syt1 is ablated neurotransmitter release desynchronizes, but is not abolished [100,102], 

indicating additional Ca2+-sensors may trigger release. Besides Syt1, Synaptotagmin-2 (Syt2) and 

Synaptotagmin-9 (Syt9) also trigger synchronous release upon peak Ca2+, and can compensate 

for loss of Syt1 [116]. Synaptotagmin-7 (Syt7), which, unlike Syt1 and 2, localizes to the plasma 

membrane [117], has been implicated in triggering asynchronous release [118–122], though it is 

likely not the only sensor involved [123,124]. In addition, Syt7 has been implicated in boosting the 

amplitude of synchronous release as a Ca2+-sensor for short-term plasticity [121,122,125,126], 

and in Ca2+-dependent supply of vesicles to the RRP [121,127,128]. Several other proteins 

contain Ca2+-sensing C2 domains, including Munc13 proteins [129–131]. As such, the Ca2+-

dependence of release is highly complex and provides a lot of potential for modulation through 

different sensors.  

Complexins are important modulators of the release machinery. Complexin associates to the four-

helix SNARE bundle by inserting its central alpha-helix into the groove between syntaxin-1 and 

VAMP2 [132], and promotes synchronous vesicle fusion [133]. It also features an accessory 

alpha-helix, unbound to the SNARE complex, which plays an inhibitory role [133]. One suggestion 

of how it achieves this inhibition is through steric or electrostatic hindrance [134], though the 

precise mechanism remains a subject of debate [83]. A recent crystal structure of the SNARE 

proteins together with Complexin and Syt1 provides further insight into its effect on release. Here 

it was observed that the central alpha-helix of Complexin continues into the HA alpha-helix in the 

C2B domain of Syt1, effectively adding an additional full length helix to the SNARE bundle [108] 

(Fig. 3). Mutational analysis of the functional consequences from disrupting this tripartite SNARE-

Compexin-Syt1 interface have provided evidence for a release of inhibition model, where Ca2+-

binding to Syt1 displaces it from the tripartite interface, allowing the SNAREs to fully zipper and 

initiate fusion [108]. This is in line with previous suggestions that Syt1 releases Complexin’s 

inhibition [135–137]. All the components required for fusion may be kept ready, allowing sub-

millisecond release once the fusion block is removed [138]. This notion also tracks well with Syt1’s 

essential role as the Ca2+-sensor for fast synchronous neurotransmission [100,102].  
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Overall, the protein machinery for vesicle fusion is tightly orchestrated, involving precise assembly, 

and requiring many factors. While the functions of the individual members are well studied, and 

the composition of the final complex well understood, this remains a relatively static image of a 

dynamic process. Conformational changes, and transient interactions during the steps that lead 

to fusion remain largely a matter of speculation. Better understanding in this area is required to 

fully comprehend how fusion is achieved. This question is further complicated by conflicting 

observations, such as the location of Syt1 [108,115]. While it is possible that this merely 

represents experimental artifacts, it may also be that multiple paths towards formation of a fusion 

complex exist. Separate triggers for synchronous and asynchronous also points towards 

heterogeneity in the fusion complex. Such redundancy would provide robustness, and possibility 

for variation in release dynamics within the synapse. 

4. Recruitment of synaptic vesicles for fusion 

In addition to the fusion machinery, additional active zone proteins are required to organize the 

fusion sites. Tight control of vesicle release sites is likely essential, as modeling studies reveal 

that glutamate release from a vesicle is only effective over a distance of ~100nm [139]. Indeed 

release events and post-synaptic elements have been shown to align [140–142] in transcellular 

‘nanocolumns’ [139,143]. A number of active zone proteins are implicated in this process, 

including RIM, ELKS, Bassoon, Piccolo, and Liprin proteins, which assemble together in an 

intricate scaffold aligning the vesicle and fusion machinery to specific sites [139,143,144]. As none 

of these proteins contain transmembrane domains, the manner in which this scaffold targets the 

membrane remains an open question. Suggestions include association with cell adhesion 

molecules [143,145], or Ca2+-channels, which RIM together with RIM-binding proteins are known 

to tether [92–94]. Lipid binding by C2 domain containing proteins is also a strong candidate. In 

particular association with PIP2 has received attention, as it is known to cluster at release sites 

[41,44], and RIM’s C2B domain has been shown to be constitutively bound to it [43]. Localization 

of release sites likely plays a role in synaptic strength. Proximity to Ca2+-channels, and alignment 

with post-synaptic receptors, enhance the efficacy of neurotransmitter release by increasing the 

number of releasable vesicles and the post-synaptic response, respectively [143]. Overall, proper 

positioning of vesicles may be seen as an essential first step in creating a pool of vesicles that 

may effectively transmit a signal. However, in order for vesicles to reach fusion competence, 

assembly and priming of the release machinery is required. 
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Tethering vesicles to the plasma membrane may be defined as an additional step in the 

docking/priming process, that has been implicated in proper SNARE assembly [146]. A previously 

established docking function of Syt1 [11,147,148], has recently been shown to act in tethering 

and translocating vesicles to the plasma membrane [12]. It was found that disrupting specific lipid 

binding residues in Syt1’s C2B domain resulted in slower, desynchronized release after an AP, 

along with increased space between synaptic vesicles and the plasma membrane. Both defects 

were transiently rescued after influx of Ca2+ [12]. In combination with recent evidence that primed 

vesicles can be rapidly de-primed [88], these revelations have led to a two state model of synaptic 

vesicle priming. Here, vesicles are either in a more distant loose state, or a fast releasing tight 

state [13]. Fusion from the loose state first requires transition to the tight state, significantly slowing 

release. As such, modulating the vesicle occupancy of the loose and tight state in the presynaptic 

terminal, may be a critical factor in determining the kinetics of vesicle release [13].  

The loose/tight state model follows previous studies, where distinct priming pools or states were 

identified based on observations of heterogeneous release kinetics. Electrophysiological 

recordings of synaptic vesicle fusion has revealed at least two separate components (fast and 

slow), requiring multiple synaptic vesicle pools or priming states to be explained [149–153]. During 

prolonged stimulation, the fast pool depletes first, after which a fast refilling but slow releasing 

pool dominates the signal [150,152,153]. Both the position of vesicles to Ca2+-channels [154], and 

intrinsic difference in Ca2+-sensitivity [155] have been proposed as the source of this 

heterogeneity. Likely, both aspects need to be optimized in order to achieve optimal fast release 

[156,157]. Several studies have indicated that the fast pool refills slowly through a transition from 

the slow pool, dependent on the actin cytoskeleton and myosin motor proteins [156,158–160]. 

This aligns well with a positional priming effect. An additional ‘superpriming’ step may further 

increase release probability in a subset of vesicles. This step likely involves intrinsic changes to 

the release machinery, and has been suggested to act by activating Munc13’s C1 domain 

[156,157]. Mechanistically, these suggestions for separate priming states do not overlap with Syt1 

mediated vesicle translocation, on which the loose/tight state model is based. They may well 

represent additional priming states. More work is still required to fully uncover possible overlap 

between the different models. Overall, given the vast array of proteins with potential for 

modulating release, a division of vesicles in two or three pools likely remains a simplified view of 

heterogeneity in the presynapse. 
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5. Ca2+ dependence of vesicle release 

Given that the Ca2+-sensor for synaptic vesicle release couples to the Ca2+-channel at the 

nanometer scale, it is currently impossible to get accurate measures of the exact intracellular 

Ca2+-concentration it sees [161]. To circumvent this issue and study the Ca2+ dependence of 

release, Ca2+-uncaging has been instrumental. Caged Ca2+ is loaded into the synapse and 

released using flash photolysis, allowing precise control over the intracellular Ca2+-concentration 

in the synapse [162]. The calyx of Held synapse, due to its large size, can be patched on both the 

pre- and post-synaptic side, allowing efficient loading of caged Ca2+. The calyx of Held has an 

extraordinarily large amount (500-600) of active zones in a single terminal [163]. However, the 

individual active zones are believed to be both functionally and structurally similar to those of 

small excitatory synapses [164]. Using a combination of Ca2+-uncaging (to increase intraterminal 

Ca2+) and loading Ca2+-buffers (to lower intraterminal Ca2+), the Ca2+-dependence of release has 

been observed in a range between <50nM and >50µM intracellular Ca2+ [165–169]. At 

concentrations close to and below 50nM, the resting Ca2+, vesicle release is largely Ca2+ 

independent and may be considered spontaneous at a rate of roughly 0.001 vesicles per 

millisecond [167–169]. However, above 0.1µM vesicle release shows a strong supralinear 

dependence on Ca2+, and at around 50µM the entire pool of vesicles is released with rates 

exceeding 2000 vesicles per millisecond [155,165,170]. In a double-logarithmic dose response 

curve, this Ca2+-dependence displays a slope exceeding 4 [166–169,171] (See also Figure 8 in 

Chapter 2), providing a lower bound estimate of the number of Ca2+ ions cooperatively involved 

[164]. This value comes back in the kinetic models used to fit this data, where 5 Ca2+ ions may 

sequentially bind the Ca2+-sensor, either leading to release once all binding sites are occupied 

[166,168], or provide a multiplicative increase to spontaneous release rates per Ca2+ bound, as 

in the allosteric model [167] (See Chapter 3 for further exploration of such a model for release).  

The main Ca2+-sensor in this model is Synaptotagmin-2 (Syt2) [168,169]. Syt2 is the dominant 

Synaptotagmin isoform for fast release in hindbrain, and has high homology with Syt1 which 

triggers fast release in most forebrain neurons [116]. The presence of a fast Synaptotagmin (Syt1, 

2, or 9) is critical for triggering a peak of synchronous vesicle fusion (Fig. 4C,D), less than a 

millisecond after the AP, by binding peak Ca2+ [100,102,168,172] (Fig. 4A,B). Preventing of Syt2 

expression in the calyx of Held abolishes the supralinear Ca2+-dependence of release, 

transforming it to a near linear dependence [168,169], and desynchronizes release in response 

to an AP [168,172]. This observation led to an expansion of the kinetic model for release with a 

second Ca2+-sensor, the dual sensor model [168], providing an alternative release pathway for 



Chapter 1 

22 
 

asynchronous release. Strikingly, while deletion of Syt2 lowered release rates at high Ca2+-

concentrations, at low concentration release rates were higher [169]. Presumably, Syt2 inhibits 

or ‘clamps’ the secondary Ca2+-sensor [169], in line with findings of inhibition of spontaneous and 

asynchronous release by Syt1 [173–177].  

Synaptotagmin-7 is a strong candidate for such a second sensor for asynchronous release [118–

122]. Interestingly, it has also been shown to function as a Ca2+-sensor for short-term plasticity 

[121,122,125]. In the dual sensor model the slow sensor is activated in a separate pathways for 

asynchronous release independent of the pathway for synchronous release in which Syt2 

operates [168]. Yet, to achieve facilitation of the synchronous evoked, Syt7 needs to be acting 

jointly with the synchronous release sensor. As such, an adaptation of the dual sensor model may 

be required to reconcile the dual function of Syt7. 

Figure 4. Ca2+-triggered synchronous and asynchronous release 

A number of signals follow each other in order to transfer information from the pre- to the post-synapse. 

(A) The action potential delivers the signal to the presynapse and opens voltage gated Ca2+-channels. 

(B) This provides a brief peak in intracellular Ca2+, followed by longer lasting residual Ca2+, more than 

an order of magnitude lower in amplitude. (C) Peak Ca2+ triggers synchronous vesicle release, followed 

by prolonged asynchronous release. (D) Released neurotransmitters cross the synaptic cleft and open 

post-synaptic ion channels. 
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In contrast to synchronous and asynchronous release, spontaneous release does not require AP 

firing to be triggered. As mentioned previously, a largely Ca2+-independent component of release 

exists [169]. In addition to that, Ca2+ from intracellular stores [178,179] and spontaneous opening 

of Ca2+-channels [180,181] can create local Ca2+ transients that activate a Ca2+-sensor [164]. The 

fast sensors Syt1 and 2 [167,182], as well as the asynchronous release sensor [168], have been 

suggested to also act as Ca2+-sensors for spontaneous release. Alternatively, Doc2, a high affinity 

Ca2+-sensor with double C2 domains similar to Synaptotagmins, has been suggested as a protein 

specialized in promoting spontaneous release [183–186], though it may be acting in conjunction 

with Syt1 in order to truly trigger release [184,186]. Doc2 has no transmembrane domain, but it is 

recruited to the plasma membrane at sub-micromolar Ca2+-concentrations, and can translocate 

Munc13 along with it [187], suggesting a possible role for Doc2 in priming [188]. Furthermore, 

recent research indicates a possible role for Doc2 in augmentation of release [189]. Both functions 

could potentially interact with a phenotype in spontaneous release.  

A number of other proteins in the pre-synapse contain Ca2+-binding C2 domains. Munc13, as 

discussed previously has multiple C2 domains which may aid in membrane bridging [86]. In 

addition it has a Ca2+/calmodulin-binding site, which has been shown to function in short-term 

plasticity and RRP replenishment [129,131]. On the other hand, CAPS (from Calcium-dependent 

Activator Protein for Secretion), despite binding Ca2+ at low affinity [190], has no known Ca2+-

dependent function [191,192]. Finally, protein kinase C (PKC) features a number of Ca2+-sensitive 

isoforms (PKCα, PKCβ, and PKCγ) in the presynapse and has been identified as a key player in 

post-tetanic potentiation in calyx of Held [193], though not in the hippocampus [194,195]. These 

represent just a small known sample of all Ca2+-binding proteins in the presynaptic terminal [71]. 

As such, besides playing a crucial part in triggering synaptic vesicle fusion directly, influx of Ca2+ 

in the pre-synapse is involved in several pathways that can modulate synaptic strength.  

Given the sheer abundance of Ca2+-sensing proteins involved in neurotransmitter release, it is 

likely that many of them act simultaneously or shortly after each other during Ca2+ elevation in the 

presynapse. However, if and how cooperation between different sensors may be regulated 

remains unclear. Nor is the exact mechanism through which Ca2+-sensors contribute to the fusion 

process known, including that of the Synaptotagmins. Insights into these questions is required to 

create a better understanding of how Ca2+-sensors modulate release, and affect its timing. 
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6. Presynaptic Plasticity 

As discussed in the previous sections, there are many factors that influence the efficacy of 

synaptic vesicle fusion. The result is that vesicle fusion is a highly plastic phenomenon that 

dynamically reacts to a myriad of different activity patterns and molecular signaling pathways 

[5,49,196]. When a change in synaptic strength is enduring, also referred to as long-term plasticity, 

it is generally believed to form the basis for experience induced neural adaptations essential for 

learning and memory [197,198]. The function of short-term plasticity (STP), is less well 

understood, but likely contributes to the computational capacity of neural networks [198]. Activity 

dependent increases and/or decreases in synaptic strength may act as high-pass [199], low-pass 

[200] or band-pass filters [201]. It has been complicated to control STP in vivo, making it difficult 

to study the role of STP experimentally. One experimental study showed that facilitation could 

counteract depression, thus maintaining signaling fidelity at high-frequencies [126]. Most 

investigations into the role of STP are theoretical, proposing a role in a role in working memory 

[202], sound localization [203], cortical adaptation to repeated stimuli [204], and visual 

suppression [205].  

6.1 Depression and facilitation 

The strength of synaptic transmission is defined by two main characteristics: the probability of 

vesicle release, and the number of available vesicles in the RRP. Furthermore, synaptic strength 

may increase or decrease depending upon which form of presynaptic plasticity is dominant. For 

instance, synapses may undergo depression of vesicle fusion during repeated stimulation when 

depletion of the RRP by successive stimuli leave increasingly fewer vesicles available for fusion 

[5,206,207]. Alternatively, repeated stimulation may facilitate release when a second pulse follows 

within tens to hundreds of milliseconds. To achieve this, an increase in the vesicle release 

probability must counteract the reduction in the RRP. As such, a critical factor in whether synaptic 

strength will increase or decrease during repetitive stimulation is the initial probability of release. 

Low initial vesicular release probability will likely lead to facilitation, and high initial vesicular 

release generally induces depression [5,71]. Given the Ca2+-dependence of release, it is clear 

that the intracellular Ca2+ increase during stimulation has a large impact on release probability. 

As such, a number of proposed mechanisms for the increase in release probability during 

repeated stimulations involve various ways to increase the peak Ca2+-signal triggered by the 

action potential [71]. In addition, a residual Ca2+ signal that remains tens to hundreds of 

milliseconds after peak Ca2+ (See also Fig. 4B) may boost the signal during the next stimulation, 
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thus inducing facilitation of release [5,71,199]. However, as residual Ca2+ ranges from 10-100nM 

[199,208,209], compared to 10-100µM for peak Ca2+ [22], this may have little effect on the 

activation of the fast Ca2+ sensor. As such, a specific facilitation sensor that is sensitive to residual 

Ca2+ is likely required to significantly impact release [5,71]. 

Syt7 has a high Ca2+ affinity and slow binding kinetics, as well as slower phospholipid binding and 

unbinding in comparison with Syt1 [210,211]. These characteristics make it well suited to facilitate 

fusion within tens to hundreds of milliseconds after peak Ca2+. Indeed, recent studies have 

revealed a critical role for Syt7 in increasing release probability in this time frame, during paired 

pulse and train stimulation protocols [121,122,125,126]. However, the magnitude of facilitation 

produced by Syt7 far exceeds what would be expected from the asynchronous release rates 

produced by Syt7 in the absence of Syt1 [71,118–122]. This implies cooperation between Syt1 

and Syt7 might be required to produce facilitation. If activation of both Syt1 and Syt7 is modeled 

as a reduction in the energy barrier, they would naturally combine in a multiplicative way to 

increase release (See also Chapter 2), aligning well with the observed facilitation [71,121]. 

6.2 Post-tetanic potentiation and augmentation 

Prolonged high-frequency stimulation may induce two other forms of STP: augmentation and 

post-tetanic potentiation (PTP) [5]. Of these, augmentation is shorter lived with a duration 

dependent on the length and intensity of the stimulation. PTP on the other hand lasts from tens 

of seconds to minutes, and appears relatively independent of the stimulus duration [5]. Again, 

intracellular Ca2+ is believed to play a crucial part in these forms of STP. Increased Ca2+ influx has 

been reported after high-frequency stimulation [212,213], though possibly this only contributes to 

augmentation and not PTP [214]. Instead, similar to facilitation, residual Ca2+ may activate a 

molecular pathway that induces PTP. Several molecules have been implicated in PTP, of which 

PKC has received the most attention [193–195,212,215–217]. As several Ca2+-sensitive isoforms 

can be found in the presynapse  (PKCα, PKCβ, and PKCγ), direct Ca2+ activation of PKC may 

trigger PTP [193].However, Ca2+-sensitive PKC isoforms are not essential for PTP in all synapses 

[195]. PKC may be activated by DAG, which is itself produced as a reaction to residual Ca2+ [218]. 

Application of membrane permeable analogues of DAG induces potentiation of vesicle release 

that occludes PTP [194,212,219]. Downstream of PKC, Munc18 and Syt1 have been identified 

as relevant substrates for DAG induced potentiation/PTP [215,216]. Of these, Syt1 may be 

dispensable for potentiation of spontaneous release [216]. In addition to PKC, Munc13 has been 

identified as a crucial protein for inducing PTP, with disruption of either leading to a loss of 
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potentiation [194]. Munc13 may also be directly activated by Ca2+ or via binding DAG in order to 

act in STP [68,129,130,219–222], similar to PKC. Hence, two interconnected molecular pathways 

appear to cooperate in order to produce PTP (Fig. 5).  

A suggested mechanism for the increase in vesicle fusion during PTP is a decrease in the energy 

barrier [69,70]. This is in line with the proposal that Munc13’s DAG-binding C1 domain lowers the 

fusion energy barrier [68]. An increase in RRP size has also been reported to explain a large part 

of the potentiation [193,223,224]. However, this increase is only apparent when the RRP is 

estimated from train stimulation, and not from stronger stimulations [224–226]. Hence, only a 

rapidly releasing vesicle sub-pool appears to be increased, at the cost of a slow sub-pool [226], 

in a mechanism similar to the previously described ‘superpriming’. 

6.3 cAMP/PKA induced long term presynaptic potentiation 

In contrast to the previously discussed types of presynaptic plasticity, elevation of cyclic 

adenosine monophosphate (cAMP) and subsequent activation of protein kinase A (PKA) causes 

persistent increases in vesicle fusion rates [227–230]. Furthermore, downregulation of the same 

pathway has been shown to induce long term depression of neurotransmission [231,232]. The 

precise mechanism underlying cAMP/PKA induced potentiation remains unclear. Yet a large 

number of presynaptic proteins are substrates of PKA, including cysteine string protein [233,234], 

Figure 5. DAG/PKC potentiation pathway 

Overview of activation steps in the DAG/PKC pathway that lead to post-tetanic potentiation. The 

pathway is activated either through high-frequency stimulation increasing intracellular Ca2+, or through 

a second-messenger increasing DAG production. DAG activates C1 domains in both Munc13 and PKC, 

while Ca2+ can bind to C2 domains. Downstream of PKC Munc18 and Syt1 are phosphorylated, which 

in combination with Munc13 is essential for producing potentiation. Note that Syt1 is dispensable for 

potentiation of spontaneous release. Figure adapted from previous publications [49,194,216]. 
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α-SNAP [235] , snapin [236], synapsin I [237], tomosyn [238], rabphilin [239], SNAP25 [240], and 

RIM1α [241]. Of these both rabphilin and synapsin have been shown not to be required for 

presynaptic long-term potentiation (LTP) [242,243]. Phosphorylation of snapin was observed to 

increase the RRP in chromaffin cells [236], but lowers it in hippocampal neurons [244]. RIM1α 

appeared promising as it was shown to be required for presynaptic LTP [245,246]. However, 

forskolin (an adenylyl cyclase agonist) still enhanced synaptic transmission in the absence of 

RIM1α [245], and mutations of the S413 phosphorylation site did not affect presynaptic LTP in 

physiological neural networks [247,248]. Finally, SNAP25 may represent a promising candidate, 

as it has been found to increase RRP size in chromaffin cells [249], though this has not been 

confirmed in neurons. 

Many more mechanisms for modulating synaptic strength exist, beyond those discussed in this 

section. Among others, this includes plasticity induced by Ca2+-channels, active zone structure, 

priming and vesicle pool dynamics, activation of G-protein-coupled receptors, mechanisms for 

homeostatic adaptations, post-synaptic mechanism, and additional Ca2+ sensors 

[5,49,71,196,198,207]. The sheer diversity with which modulation can be achieved highlights the 

importance of it to brain functioning. There is undoubtedly a tremendous amount of computational 

potential in STP. However, little is currently known about how the different types of plasticity are 

balanced to control synaptic strength during high-frequency stimulation, or other complex input 

patterns. Furthermore, given potential simultaneous activation of multiple release promoting 

mechanisms (e.g. Syt1 and Syt7, or augmentation and PTP), the synapse needs to assert control 

to prevent desynchronization of release. How this is achieved, and how multiple mechanisms may 

cooperate to jointly affect the synchronous response remains unclear.   
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7. Aim and outline of this thesis 

The general aim of this thesis is to study presynaptic mechanisms underlying modulation of 

synaptic strength and release kinetics. Firstly, we investigate both theoretically and experimentally 

how changing the energy requirements for fusion can affect release rates. Secondly, we examine 

to what extend Ca2+-sensitivity of release can be explained by modulation of the fusion energy 

barrier by Syt1 in response to Ca2+-binding. Thirdly, we study the potential of energy barrier 

modulation for collaboration between separate factors that stimulate release. Interplay between 

release promoters on the energy barrier would multiplicatively affect release rates, and, therefore, 

carry important implications for short-term plasticity. Fourthly, we look into energy barrier 

dependent and independent mechanisms at play in the DAG and PKA pathways for potentiating 

synaptic strength. Finally, we investigate how Syt1’s release inhibitory function may balance 

activation of a second sensor during high-frequency activity, and how this affects the synchronicity 

of release.  

In chapter 2 we investigated the contribution of changing the activation energy of vesicle fusion 

to release rates. Here we established a method for recording changes to the fusion energy barrier 

in autaptic neuron cultures. To achieve this, we fitted a minimal vesicle state model to hypertonic 

sucrose induced release, which yields basic release parameters, including priming, unpriming, 

and release rate. This allowed us to determine changes in the activation energy for fusion using 

the Arrhenius equation. We established that modulators of synaptic strength such as phorbol 

esters, or the presynaptic protein complexin, have additive effects on the energy barrier, resulting 

in multiplicative effects on release rates.  

Our findings in chapter 2 led to the suggestion that the ‘allosteric’ model for the supralinear Ca2+-

dependence of vesicle fusion [167], might derive its multiplicativity from energy barrier reductions. 

We studied this notion experimentally in chapter 3. By applying hypertonic sucrose, we measured 

changes in the energy barrier in the absence of the Ca2+-sensor Syt1, and in a number of mutant 

forms. We found evidence that Ca2+-binding to Syt1 indeed decreases the energy barrier, in line 

with the model. However, we also found Syt1 regulates spontaneous release in a manner 

independent from the energy barrier. Furthermore, we examined whether modulation of the 

energy barrier might serve as a platform for combining effects from different release modulators. 

For this, we proposed an extension of the allosteric model, where dual sensors may independently 

modulate the energy barrier and combine to multiplicatively regulate release rates. Activation of 

a second sensor would provide both a mechanism for different release kinetics from Syt1, as well 
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as for inducing STP. To test this, we examined energy barrier effects from DAG-pathway 

activation in the presence and absence of Syt1. We found that energy barrier modulation plays a 

major role in inducing DAG-dependent potentiation, and can do so independently from Syt1, in 

line with the dual sensor model.  

In chapter 4 we investigated how synaptic strength is controlled during high-frequency stimulation. 

Specifically, we studied the temperature dependence of synchronous release during high-

frequency trains. Using a Syt1 mutant in which the release inhibitory function is impaired, we 

identified a vital role for this function in the suppression of asynchronous release triggered by high 

global Ca2+, thus preserving vesicles for synchronous release during repetitive stimulation. 

Additionally, we found Syt1’s function in Ca2+-independent translocation of tethered vesicles was 

not required for synchronous release at high-frequency, but was important for the first evoked 

response. We propose three separate functions of Syt1 aid in synchronizing release: vesicle 

translocation supplies vesicles, release inhibition preserves them, and its triggering function fuses 

them, all for synchronous release. In this release inhibition likely plays an important role in 

controlling activation of the asynchronous release trigger, and may even balance activation to aid 

the synchronous response. 

In chapter 5 we examined the mechanisms behind potentiation of synaptic strength induced by 

PKA-activation. We compared synaptic responses before and after application of forskolin at 

several different Ca2+-concentrations and in priming deficient, Munc13-1 and CAPS knockout, 

neurons. We found that PKA-activation potentiates release by lowering the fusion energy barrier, 

particularly in low release probability conditions. We present evidence for SNAP25 as a relevant 

substrate for PKA-phosphorylation in producing potentiation.  

Finally, chapter 6 provides a discussion of all the results, and suggests future directions of 

research.  
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