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1Chapter 1

General Introduction

This thesis focuses on two different aspects of presynaptic mechanisms related to the 
regulation of neurotransmission. On one hand, it deals with presynaptic Ca2+ signaling 
and on the other hand with various Ca2+-sensing proteins, known as C2 domain proteins. 
Altogether, the general aim is to provide new insight in the presynaptic mechanisms 
regulating neurotransmitter release, from the regulation of Ca2+ event generation to the 
control of synaptic vesicle fusion by various Ca2+ sensors.

Neurons communicate with each other over long distances through axonal projections that 
conduct electrical signals. Highly arborized dendritic projections and cell bodies (somata) 
receive signals from presynaptic boutons of other neurons. Electrical activity in neurons 
is controlled by a negative resting membrane potential, which results from a net negative 
charge in the cytoplasm relative to the extracellular space. Due to the activity of selective 
ion channels, pumps and exchangers, various ions (e.g. Na+, K+, Ca2+ and Cl-) exhibit very 
different concentrations in and outside living neurons. Voltage sensitive channels are 
activated by changes in the membrane potential to (selectively) conduct aforementioned 
ions. The interplay of multiple such processes can lead to the generation of action potentials 
(APs) which are propagated along the axonal plasma membrane in an all-or-none manner 1. 

1. The synapse: elementary unit of information processing
The brain is the most complex organ within the human body. It is composed of an extremely 
intricate network composed of around (~) 100 billion neurons and around 10 times more 
glial cells 2,3 to support, protect and modulate their functions. Each neuron can form up 
to 1000 connections or synapses, the number varying greatly between neuronal subtypes. 
The resulting ~100 trillion synapses altogether enable motor control, learning, memory 
and higher-level cognitive functions such as decision making. Chemical synapses (Figure 1) 
opposed to electrical synapses represent the majority of neuronal inter-connections in the 
central nervous system and they compose the elementary unit necessary for information 
transmission between neurons. They are the intercellular junction between a presynaptic 
neuron and a postsynaptic cell. 

The synaptic vesicle cycle
The presynaptic release site contains vesicles which are synthesized de novo or are 
rapidly and locally recycled to the active zone (AZ), a protein dense structure where they 
are secreted (Figure 1). Newly formed vesicles originate from the trans-Golgi network 4. 
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In the synapse they accumulate and store neurotransmitters at high concentrations 5. To 
achieve this, a vacuolar proton pump 6 first establishes a proton gradient across the vesicle 
membrane, resulting in the acidification of the vesicle lumen 7,8. The proton gradient 
subsequently drives neurotransmitter loading into the vesicle lumen 8. The tethering of 
synaptic vesicles close to voltage-gated Ca2+ channels (VGCCs) is mediated by presynaptic 
scaffolding proteins associated to the presynaptic plasma membrane in the active zone. 
Important scaffolding proteins include Piccolo, RIM and ELKS, among others 9–11 (for review 
12,13). The precise arrangement of VGCCs, vesicles and protein components of the release 
machinery ensures rapid and efficient neurotransmitter secretion during presynaptic 
depolarization.

Upon electrical stimulation, the action potential triggers the fusion of the synaptic vesicle 
membrane and the plasma membrane, which leads to the release of neurotransmitters 
into the synaptic cleft (Figure 1). The neurotransmitters then bind to receptors on the 
postsynaptic surface, typically causing them to open and conduct ion currents (so called 
ionotropic receptors). The excitatory neurotransmitter glutamate binds to AMPA (α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA (N-methyl-D-aspartate) receptors, 
leading to depolarization of the postsynaptic neuron. The inhibitory neurotransmitter 
GABA (gamma-aminobutyric acid) binds to GABAA receptors and induces hyperpolarization 
through influx of Cl- ions. 

1.1. Organization and function of the presynaptic release site 
For many synapses, especially those which transmit sensory information at high frequencies 
such as the Calyx of Held 14 or retinal ribbon synapses 15, information transfer reliability is of 
key importance. This requires the maintenance of a sufficient ready releasable pool (RRP) 
size. The trafficking of synaptic vesicles (SVs) is highly organized by many proteins associated 
or interacting with them 16. Different types of synapses employ different molecular 
architectures, synaptic vesicle pools and produce diverse release kinetics triggered by 
distinct physiological signals. 

Vesicle pools
Different definitions can be used to identify vesicle pools. The mainstream definition is 
based on electrophysiological studies reporting functional vesicle release properties. 
Alternatively, a morphological approach is used to distinguish docked and non-docked 
vesicles by electron microscopy 17,18. Morphological approaches however cannot distinguish 
docked vs. primed vesicles. Biochemical methods aspire to define distinct groups of vesicles 
based on molecular markers. Vesicular docking is supported by both morphological and 
biochemical evidence. Yet, the functional role of synaptic docking remains elusive. Recent 
studies have investigated the influence of the number and occupancy of docking sites on 
neurotransmission using functional methods 17,18 (see review 19). Taking benefit of 'simple 
synapses', single synaptic contacts in the cerebellum which contain a single active zone and 
postsynaptic density, local Ca2+ uncaging was used to obtain direct measurements of the 
readily releasable vesicle pool (RRP). This procedure established that each synaptic contact 
contains a fixed number of docking sites 20. A related investigation used the same structure 
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to estimate the number of docking site per synapse and the variety between synapses of the 
same type, based on failure statistics. A correlation could be made between the variations 
of docking sites and the signal transmission, in terms of release probability and synaptic 
plasticity 17. At excitatory synapses, synaptic release probability was calculated to match 
single release sites. This mathematic transformation, combined with Ca2+-imaging enabled 
to estimate the occupancy of docking sites 18.

The substantial gap that existed between functional (primed vesicles) versus structural 
analysis (morphologically docked vesicles) has also been addressed using novel imaging 
techniques. High-pressure freezing and high resolution electron microscopy (EM) 
immediately after photostimulation enabled to visualize the nanoscale organization of 
synaptic vesicles in correlation with functional neurotransmitter release 19,20. Functional 
EM enabled to detect vesicle pool dynamics during synaptic transmission and suggests that 

Figure 1. The synaptic vesicle cycle. Overview of vesicle trafficking at a glutamatergic synapse. First, 
neurotransmitters are actively transported into synaptic vesicles, which cluster in front of the active 
zone to form the reserve pool. Vesicles then dock at the active zone (AZ), where they are primed 
to convert them into a state of competence for Ca2+-triggered fusion-pore opening. Upon electrical 
stimulation and concomitant Ca2+ influx, vesicles fuse with the plasma membrane and release their 
content in the synaptic cleft. After full fusion, the vesicle membrane and most of its associated 
proteins are endocytosed and return to the endosome for recycling. Alternatively, vesicles may in 
some cases be retrieved by a kiss-and-run process. After its release, glutamate activates postsynaptic 
AMPA and NMDA receptors, generating an excitatory postsynaptic current (EPSC) which depolarizes 
the postsynaptic neuron. If the depolarization is sufficient, this causes the generation of an action 
potential in the postsynaptic neuron. The synaptic release probability (Pr) is the average probability 
that a presynaptic active zone releases one or more vesicles following an action potential. It depends 
on the vesicular release probability (Pvr) and the number of vesicles in the pool and determines the 
synaptic reliability.
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docked vesicle pool and RRP are partially overlapping 21. Another application of the flash- 
and freeze technique also argues for the idea that docking and priming cannot be stricly 
separated by showing that a mutant variant which impairs synchronous release compromised 
the attachment of synaptic vesicles to the plasma membrane 22,23. At hippocampal mossy 
fibers, flash-and-freeze experiments demonstrated that synaptic potentiation is primarily 
caused by an increase in the RRP, unraveling the correlation between structural vesicle 
dynamic and presynaptic plasticity 24. 

In our we use the electrophysiological definition, where vesicle pools have been segregated 
into three distinct pools: the reserve or resting pool, the recycling pool (RP) and the RRP 
25–29. The reserve pool is a depot of synaptic vesicles from which the discharge is initiated 
only after 10 to 15 seconds of intense stimulation 27,29. It constitutes the majority of 
vesicles in presynaptic terminals (~85%, around 180 vesicles per synapse in hippocampal 
neuron culture) 25,27,30 and may have a minor contribution during physiological activity 
25,28. Reserve pool vesicles classically considered as rather static could be exchanged with 
the recycling pool on a long time scale 31 possibly after the induction of potentiation 32. 
A part of this pool could also undergo recycling even at rest. The turnover dynamics of 
the reserve pool are difficult to assess. A rough estimate indicates that turnover occurs 
slowly after cessation of tetanic stimulation 33, with a time constant of several minutes 
27,31,34. The recycling pool (10% and around 20 vesicles) maintains release during moderate 
stimulation 25,28. Physiological stimulation frequencies cause it to recycle continuously with 
a cycle time in the range of seconds. The RRP is defined to contain synaptic vesicles that 
immediately fuse upon stimulation by action potentials. This definition of the RRP assumes 
a homogeneous release probability among all vesicles in the pool. Yet, increasing evidence 
indicates a degree of heterogeneity among vesicles (see review 35). The violation of the pool 
homogeneity assumption may lead to an appreciable difference for pool size and release 
probability estimations 35. The RRP constitutes around 5% of the total vesicle pool 25,28. The 
time constant of its replenishment at rest is around several seconds (5 to 10 seconds) but 
is highly modulated by neuronal activity. The RP together with the RRP constitute the total 
recycling pool. In addition to these three vesicle pools, a small group of vesicles rapidly 
released by short depolarization is termed the immediate releasable pool (IRP). The IRP is 
a subset comprising 10–25% of the RRP vesicles in neuroendocrine cells 36,37. The IRP was 
proposed to represent RRP vesicles located in close proximity of VGCCs, which are therefore 
exposed to a higher Ca2+ concentration occurring with a shorter time delay than the other 
vesicles in the RRP. These vesicles are also referred to as superprimed vesicles 38,39. 

The individual synapse's efficacy of signal transmission is determined by the vesicle number, 
pool size and release probability. The functional heterogeneity of signal transmission 
and synaptic plasticity at different synapses partially reflects the considerable variation 
of the total vesicle pool size which largely determine the synaptic release probability. In 
hippocampal autaptic neurons culture, it was reported that stimulation protocol inducing 
long-term depression causes a parallel decrease in the pool size 40. In dissociated hippocampal 
culture, methodology based on FM-styryl dyes, photoconversion and correlative structural 
methodology found that synaptic strength follows the number of docked vesicles but is not 
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correlated with the total number of vesicles at a terminal. This is likely due a large fraction 
of resting vesicles 41. Using the same methodology at CA3-CA1 hippocampal terminals 
undergoing long-term potentiation (LTP), the total recycled vesicle pool near the active zone 
approximately doubles in size 42. Interestingly, the smallest terminals showed the greatest 
relative expansion. At the Calyx of Held, induction of post-tetanic potentiation (PTP) by high 
frequency stimulation (HFS) change the balance between the fast and slowly releasable 
pool but the sum remains unchanged 43. To summarize, accumulating investigations confirm 
that pools might be key substrates changing synaptic efficacy, although it is still unclear how 
the size of the pool scales with synaptic performance.

The active zone
The active zone is an electron-dense structure associated with the presynaptic plasma 
membrane, stabilized by a protein scaffold and organized by a cytoskeletal matrix which 
contains several multi-domain proteins including bassoon, piccolo, RIM, Munc13, Liprins, 
RIM-BP and ELKS proteins 44. This complex docks and primes synaptic vesicles for exocytosis, 
clusters Ca2+ channels to the release site and spatially aligns the postsynaptic density (see 
Figure 1) via trans-synaptic cell-adhesion molecules 12.

Recruitment of synaptic vesicles to the AZ is traditionally accepted to occur in two sequential 
steps: docking and priming 45,46. However, the main distinction between the two processes 
is methodological. The number of docked vesicles is assessed by morphological study, 
identifying vesicles near or attached to the plasma membrane using electron microscopy 

47. On the other hand, primed vesicles are quantified by a functional measurement of 
rapidly releasable vesicles 35. Vesicles can be rapidly recruited to the AZ during sustained 
stimulations, reloading into the RRP within few milliseconds 48,49. In the Calyx of Held, few 
vesicles are docked per AZ, on average ~2 50, compared to ~5 to 10 in hippocampal neurons 
51 and ~5 vesicles are within 20 nm of an active zone 50,52. After docking to the presynaptic 
active zone (AZ; see Figure 1) vesicles are not immediately releasable. To become fusion 
competent, they have to be primed by a Munc13/CAPS-dependent reaction 53 which is 
accompanied by the assembly of a fusogenic protein complex (detailed in section 1.2). 
This so-called SNARE ((Soluble NSF Attachment Protein Receptor) complex maintains the 
fusion competent vesicles in a metastable releasable state until a sufficient trigger reaches 
the AZ. Action potentials (APs) elicit a large increase in [Ca2+]i by opening voltage-gated 
Ca2+ channels (VGCCs) clustered at the AZ. The Ca2+ ions bind to and activate nearby Ca2+ 
sensor proteins (Figure 2), which rapidly trigger secretion in conjunction with the SNARE 
complex and its associated proteins. Ca2+-influx is estimated to yield peak intracellular Ca2+ 
concentrations reaching approximately 100 µM within 10 to 45 nm distance from the channel 
opening 54. The corresponding Ca2+ influx `sphere´ is referred to as a microdomain or 
nanodomain. Within the microdomain, Ca2+ sensors are likely to trigger vesicular fusion 
(Figure 2), (the likelihood being highest at the center of the microdomain). The microdomain 
corresponds to the area where superprimed vesicles are located. Superpriming was 
proposed to be a rapid actin-dependent positional process 39 bringing vesicles closer to Ca2+ 
sources. Alternatively, a mechanism intrinsic to the vesicle fusion machinery may impose a 
higher Ca2+ sensitivity causing fast transmitter release 55. 
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Synaptic vesicle fusion (through membrane pore formation or full vesicle collapse) 
discharges the vesicle content in the synaptic cleft. This secretion event is followed by 
membrane reuptake. A pathway for synaptic vesicle retrieval is mediated by clathrin-coated 
endocytosis (Figure 1). An alternative cycle exists, referred to as kiss-and-run where the 
shape and identity of the vesicle is preserved 56,57 and the recycling is potentially much faster 
which is an advantage for continuous high-frequency information transfer. The existence of 
an ultrafast mode of endocytosis operating in parallel of coated-vesicles recycling in neurons 
is now established. Capacitance measurements in endocrine cells 58 and the Calyx of Held 

59 strongly supported the concept. Investigations in C. elegans neuromuscular junctions 60 
and mouse hippocampal neurons also endorse local ultrafast endocytosis and recycling 61. 
Whether kiss-and-run constitutes the major mode of local recycling is uncertain (for review 
4,62) and only a fraction of the RRP vesicles might go through this pathway 56,63.

1.2 The core protein machinery for synaptic release 
Accurate synchronicity of vesicle fusion with presynaptic APs involves the interplay of a 
core protein complex essential for Ca2+-dependent secretion, involving the SNARE complex, 
SNARE-accessory proteins and Ca2+ sensor proteins. This machinery is the driving force 
for membrane fusion in a manner that is both extremely fast and highly Ca2+-dependent. 

Figure 2. At Ca2+ microdomains, the Ca2+ channels and Ca2+ sensors are in close proximity. Zoom-in 
on the spatial micro/nanodomain organization of Ca2+-channels with the vesicular release machinery, 
orchestrating vesicle fusion. Upon depolarization, when a Ca2+ channel opens temporarily, vesicles 
in different locations are exposed to different Ca2+ peak concentrations. ‘Superprimed’ vesicles are 
either exposed to higher Ca2+ concentrations or have an increased Ca2+ sensitivity, supporting very 
fast release 54,64. Vesicles outside the microdomain will show lower release probabilities and slower 
kinetics. For diffusible Ca2+ sensors, the relatively slow diffusion of proteins may cause even longer 
delays. Different Ca2+ affinities and biophysical properties of the Ca2+ sensors as Syt-1 (yellow), Syt-7 
(red) and Doc2 (green) add further heterogeneity in Ca2+-secretion coupling.
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This section will introduce some, but not all proteins controlling the synaptic release of 
neurotransmitters.

1.2.1 SNAREs
To bring the vesicle membrane in tight contact with the plasma membrane and engage 
docking, priming and fusion of vesicles, the formation of the SNARE (Soluble NSF Attachment 
Protein Receptor) complex is required. The synaptic SNARE complex consists of three 
proteins: synaptobrevin-2 (also named VAMP2 for Vesicle Associated Membrane Protein 2), 
syntaxin-1 and SNAP-25 (Synaptosome Associated Protein 25). Synaptobrevin-2 is attached 
to synaptic vesicles via its C-terminal transmembrane domain (TMD) and is therefore called 
a v-SNARE. Syntaxin-1 and SNAP-25 are associated with the plasma membrane (PM; the 
target membrane for secretion) and are therefore called t-SNAREs (Figure 3). Syntaxin-1 
is anchored to the PM via its TMD whereas SNAP-25 is PM-associated via cysteine-linked 
palmitoyl chains. All three proteins contain coiled coil domains, called the SNARE motifs, 
which strongly bind together to form a four-α-helix bundle 65,66 (for review 67). SNAP-
25 inserts two coiled coil domains (Figure 3). SNARE complex assembly starts at the 
membrane distal-end of the SNARE domains and proceeds gradually (‘zippering’) towards 
the transmembrane domains 68. The initial state is referred to as the trans-SNARE complex. 
Complete SNARE zippering finally results in a so-called cis-SNARE complex where the two 
membranes have fused and the TMDs are aligned 69. During docking and priming, partial 
assembly of the SNARE complex already takes place but progression (‘zippering’) to the fully 
assembled cis-SNARE complex  is blocked in absence of the Ca2+ signal 70. SNARE complex 
assembly provides much energy required for membrane fusion, which helps to overcome 
a significant energy barrier caused by dehydration of the phospholipid surface and the 
reorganization of lipid structures in the membrane 68,71. It has been suggested that assembly 
of at least 3 SNARE complexes provides the required energy for fast release 72 but different 
approaches have delivered divergent estimates about the stoichiometry of the presumed 
fusion complex (for review 70).

1.2. 2 Docking and priming by SNARE-accessory proteins
Other proteins that bind to SNAREs are also required for synaptic fusion, including Munc13 
and SM-proteins 73. Munc18 (Mammalian uncoordinated-18) proteins are the mammalian 
homologues of UNC-18 which was first discovered in C. elegans 74 where its mutation 
induced an accumulation of cholinergic vesicles and a paralytic phenotype 75. The mouse 
ortholog Munc18 was characterized to be essential for SNARE-mediated membrane fusion 

76 (for review 69) and is a key contributor of synaptic release in mouse neocortical neurons 

76. Munc18-1 protein is enriched in neurons and synapses and is essential for both vesicle 
docking and priming 77. It regulates the association of the SNARE complex by binding the 
N-terminal of syntaxin 78 which promotes its stability and to the C-terminal SNARE motif 
of synaptobrevin 79. Munc18-1 first bind to the self-inhibited “closed” conformation of 
syntaxin-1 80,81 and later to synaptobrevin to template SNARE complex assembly 81. Munc18 
also physically interacts with the vesicle associated protein Doc2 82. The functional relevance 
of the Munc18/Doc2 interaction has not yet been elucidated. 
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Sec1 was first identified as an essential factor for exocytosis in Saccharomyces cerevisiae 
where a defective Sec1-1 mutant caused the accumulation of intracellular membrane 
bound vesicles 83. Later, a mammalian ortholog n-Secl was characterized 84 and isolated in 
rat neural-specific tissues as a syntaxin-binding partner, which participated in the regulation 
of synaptic vesicle docking and fusion 85. The proteins shows a high degree of evolutionary 
conservation, forming the conserved Sec-1/Munc-18 (SM) protein family. 

Another SNARE-binding protein Munc13 was identified as mammalian homolog of UNC13, 
a gene implicated in movement coordination in C. elegans  74. In mice, neurons lacking 
Munc13-1 suffer from a limited Ca2+-dependent neurotransmitter release 86. The SNARE 
motif of syntaxin-1 is initially shielded by its autonomously folded Habc domain, a three-helix 
bundle 87 which makes the SNARE motif inaccessible for association with synaptobrevin-2 
and SNAP-25 88. The MUN domain of Munc13-1 catalyzes the transition from the 
Munc18-1/Syx1 complex to the SNARE complex in the presence of SNAP-25 and 
synaptobrevin-2 89–92. An illustrative example of Munc13 function was provided by the 
LE mutant of Syntaxin-1A which bypasses the requirement of Munc13-1 in adopting a 
constitutive open conformation and partially restore evoked neurotransmission and 
locomotion 93. Two conserved residues (R151, I155) were identified in syntaxin-1 linker 
region, essential for MUN domain association while still bound to Munc18 91. This binding 
initiates a conformational change in syntaxin to allow ternary complex formation. Yet, 
the MUN domain does not dissociate the closed Munc18-1/syntaxin-1 complex 91,94. 
RIAA mutations (R151A and I155A) induced a loss of liposome fusion 91. In neurons, the 
same mutations impair spontaneous, evoked neurotransmission and sucrose-induced 
release 91. Independent in vitro FRET and single-vesicle fusion assays confirmed the crucial 
Munc13-1/Munc18-1 collaboration which ensures proper SNARE complex assembly 95. 
In the current working model, Munc18-1 initiates SNARE complex assembly  while 
Munc13-1 bridges the vesicle and plasma membranes 96 and helps opening syntaxin-1 90. 
Finally, both Munc18 and Munc13 are essential for SNARE-dependent fusion as they also 
prevent premature disassembly of the SNARE complex by NSF 97. Munc13 might provide 
additional means to regulate membrane fusion as its C1 domain binds DAG, at least some 
of its C2 domains bind phosphatidylinositol (4,5)-biphosphate (PIP2)/Ca2+and further Ca2+ 
sensitivity is encoded in a calmodulin-binding motif 98. 

Complexin is another essential component for the final Ca2+ triggering step 99 especially for 
the fast release component 100. It is thought to associate with the SNARE bundle between 
syntaxin and synaptobrevin 101 in order to stabilize the syntaxin/synaptobrevin interface. 
Complexin promotes a metastable state of SNARE complexes and simultaneously blocks 
fusion, thereby rendering the vesicles in a primed state 102. This is critical for synchronization 
of release during the short time window of Ca2+ rise 100.

Several other synaptic proteins may regulate the assembly of SNARE complexes. Tomosyn 103 
and amisyn 104 have a C-terminal R-SNARE motif that can substitute for synaptobrevin in the 
synaptic SNARE complex and inhibit premature exocytosis by interfering with synaptobrevin 
association into the SNARE complex. 
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1.2.3 Vesicle fusion regulators: Ca2+ sensors
1.2.3.1 C2 domain proteins
In addition to the SNARE complex and its accessory proteins, vesicle fusion requires 
Ca2+ sensor proteins for the process to be Ca2+-sensitive. Various Ca2+ sensors modulate 
presynaptic strength and release kinetics. Most contain multiple C2-domains 105,106: conserved 
protein motifs comprising approximately 130 amino acids initially identified as a conserved 
domain of protein kinase C (PKC) 107. From the Pfam database, C2 domains are predicted 
in 127 human proteins 108, making the C2 domain one of the most abundant lipid-binding 
domains in eukaryotes. 

Figure 3. Model of SNARE-complexin-Ca2+ sensor complex. Cartoon representation of the SNARE 
complex in trans-conformation formed by Syntaxin-1 (light yellow), VAMP2 (dark blue) and SNAP-25 
(light green) together with complexin (light blue) and Ca2+ sensors, Synaptotagmin-1 (light orange), 
Synaptotagmin-7 (dark green) or Doc2b (dark orange). The coiled coil SNARE motifs zipper together 
from N- to C-terminal, together forming a four-α-helix bundle docking the vesicle to the plasma 
membrane. Ca2+ sensors and complexin associate to the SNARE-membrane interface and form a 
Ca2+-sensitive clamp of membrane fusion. It is not yet clear if Syt-1, Syt-7 and Doc2 directly compete 
or complement each other in response to different types of Ca2+ signals.
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Single C2 domains usually function as a Ca2+-dependent membrane binding module (e.g. to 
direct enzymatic activity to a specific site at the membrane) 106. Structurally, a C2 domain is 
made of eight β-strands forming a barrel-like structure. Five negatively charged amino-acids 
(typically aspartate or less frequently glutamate) cooperate to bind 2 to 4 Ca2+ ions, thus 
forming a Ca2+ binding pocket (CBP). Ca2+-binding reverses the net negative charge present 
on C2 domain surface, enabling interactions with negatively charged phospholipid head 
groups and the insertion of surrounding loops into the hydrophobic phase of membrane 
bilayers 109. 

Typically, neuronal Ca2+ sensors contain two C2 domains in tandem, called C2A and C2B, which 
bind Ca2+ and phospholipids. The precise mechanism of membrane fusion trigger may result 
from allowing SNARE complex zippering to proceed, as well as membrane dynamics. The 
insertion of wedge-shaped structures induces bending and lipid reordering, lowering the 
energy barrier and enhancing the probability of membrane fusion 110. This process requires 
at least two C2 domains as a single C2 unit cannot induce membrane curvature 111.
 
1.2.3.2 Synaptotagmins
The main Ca2+ sensor family is formed by the Synaptotagmins (Syts), composed of an 
N-terminal transmembrane domain, two C2 domains C2A and C2B, connected together by a 
linker which varies in length between isoforms 114. Different Syts display distinct expression 
patterns, subcellular localizations and biochemical properties. Of the 17 isoforms identified, 
eight (Syt-1, 2, 3, 5, 6, 7, 9 and 10) bind Ca2+ and regulate vesicle fusion 115. Syt-1, Syt-2 
and Syt-9 operate as fast release sensors for synchronous release 116. Most neurons express 
either Syt-1 or Syt-2 117, considered to be the main Ca2+ sensors for triggering synchronous 
neurotransmitter release in response to APs 116,118–121. Syt-1 is a vesicle-bound protein via its 
TMD. It contains two Ca2+ sensing C2 domains, C2A and C2B with three and two Ca2+ binding 
sites respectively 122–124. Syt-1 was shown to link membranes 125 and SNAREs 126, inhibiting 
spontaneous fusogenic activity of the release machinery 127. After Ca2+ binding, this inhibition 
is released, while fusion is promoted by inducing lipid bilayer bending 128,129.

Upon SYT1 ablation, synchronous neurotransmitter release is impaired, desynchronized but 
not completely abolished in Syt1-expressing neurons. Syt-2 and Syt-9 can compensate for 
Syt-1 loss 116. Syt-7, which shows different membrane interaction kinet-ics of its cytoplasmic 
domains and is also differently localized at the PM, drives the remaining asynchronous 
component of AP-evoked release 117,130–133. It contributes to short-term plasticity 133,134, 
synchronous release fidelity 130 and Ca2+ dependent RRP replenishment 135. 

For Syts to function properly, it requires Complexin, an important modulator of the release 
machinery. Complexin also interacts directly with Syt-1 126,136 which together with the 
SNARE complex, composes a Ca2+-dependent  substrate for primed vesicles which inhibits 
spontaneous fusion at rest and synchronizes fusion upon AP-dependent Ca2+-influx 100,126,137. 



1. General  Introduction

19

1
1.2.3.3 Doc2
Spontaneous release is promoted by the double C2 domain proteins Doc2a & b 133,138,139. 
Doc2 proteins share structural and functional properties with Syts. Doc2 also presents a CBP 
in each C2 domain. Crystallography and 45Ca2+-binding assay methods evaluated the affinity 
and stoichiometry of Ca2+ binding to isolated Doc2b C2 domains and concluded that both 
C2A and C2B bind two Ca2+ ions each 140. Both C2B and C2AB display a nearly identical affinity 
for Ca2+ (Kd of 9.6 ± 0.1 and 9.84 ± 0.3 µM respectively) 140. In the same study, Ca2+-binding 
to C2A could not be detected below [Ca2+]free ~100 µM. This observation was confirmed 
by ITC (Isothermal Titration Calorimetry) 141. These results suggest that in absence of lipids 
within the tandem C2AB, the C2A domain does not contribute much to the whole protein 
Ca2+-binding properties. Yet, C2A exhibits a robust Ca2+-dependent lipid binding 141. In presence 
of lipids, membrane translocation occurs with a higher apparent Ca2+ affinity, reflected by 
a lower EC50 value of ~1 µM, ~0.5 µM, ~0.24 µM and ~ 0.35 µM respectively for C2A, C2B, 
C2AB and full length protein 140,142. Therefore, the apparent affinity for Ca2+ strongly depends 
on the presence of negatively charged lipids and is an absolute requirement for C2A activity. 
Membrane translocation monitoring in chromaffin cells reported much higher affinities for 
Doc2a and -b translocation (Ca2+ EC50 concentrations of respectively 450 nM and 175 nM) 
140,143 than for Syts (~10 to 20 µM for Syt-1/2 and 1-2 µM for Syt-7) 144. Both Doc2s and Syts 
contain a lysine rich sequence within the C2B domain, called polybasic stretch which binds 
to SNARE proteins and also the phospholipid PIP2 

145–147. 

Doc2 differs from Syts by the absence of a TMD in the N-terminal region. In addition to 
spontaneous release, Doc2 has also been implicated in asynchronous release 141,148,149 but 
this function is still under debate 150,151. 

1.2.3.4 Interplay of multiple Ca2+ sensors in secretion
Complex stimulus-responsiveness of synaptic secretion can originate from different ve-
sicular release probabilities (Pvr) in response to various calcium dynamics in the pre-synaptic 
terminal 29,115,152,153. The origin, function and interplay between the different types of release 
seems mostly based on the activity of Ca2+ sensors but the underlying mechanism remains 
unclear and debated. Given the redundancy and co-expression at the cellular level of 
Ca2+-sensing proteins involved in secretion 117, it is likely that they act in concert upon Ca2+ 
elevation 152. 

Electrophysiology studies revealed that genetic inactivation of fast Ca2+ sensors not only 
abrogates the fast neurotransmission, but also alters the Ca2+ cooperativity of asynchronous 
and spontaneous release. Upon Syt-1 & -2 elimination, asynchronous release becomes 
apparent and spontaneous frequency increases approximately tenfold 23,120,159,133,138,139,154–158. 
Yet, in the presence of Syt-1/-2, genetic inactivation of Syt7 only mildly affect short-term 
plasticity 130,134,160. Also, in presence of Syt-1, DOC2 ablation does not alter spontaneous 
release 133,161. One interpretation is that other Ca2+ sensors are unclamped in the absence 
of fast Syts. 
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A dual or multiple Ca2+ sensor model considers that different release kinetics may originate 
from the competition for the same pool of vesicles by multiple Ca2+ sensors presenting 
different biophysical properties. This concept combines two distinct hypotheses that one 
can term ‘clamping by site occupancy’ and ‘release of inhibition’. The first theory considers 
that Ca2+ sensors promote fusion. The inhibition would then be mediated by competition of 
sensors for the same release site (occupancy). A supportive observation is the competitive 
association of Syt-1 and Doc2b with SNARE proteins syntaxin-1 and SNAP-25 in a Ca2+-
independent manner 138. Hypothetically, genetic inactivation of fast SYTs would vacate 
SNARE complex binding sites, becoming available for Syt-7 and Doc2s. The alternative 
explanation takes into account that fast Ca2+ sensors inhibit premature fusion until Ca2+ 
influx. This mechanism relies on the association of Syt-1/2 with complexins and SNAREs 
126,137,162,163. In addition, variation in the proximity between a Ca2+ sensor and the Ca2+ source 
(see Figure 2) can affect the kinetics of neurotransmitter release kinetic. 

In summary, the redundancy and diversity of Ca2+ sensors, each with potentially distinct 
synaptic distributions and different SNARE, Ca2+, and membrane binding properties, 
are fundamental determinants of neurotransmission. Hence, a better understanding of 
the interplay between those sensors is needed to fully understand how they modulate 
neurotransmitter release.
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Neurotransmitter release is separated in three distinct phases with different kinetics 
and triggering mechanisms (Figure 4) which are dependent on distinct Ca2+ sensors. 
During stimulation by a single or repetitive AP, phasic (synchronous) release represents 
most of the postsynaptic current. Synchronous neurotransmission is tightly linked to 
stimulation and appears on average within 60 microseconds after the upstroke of the 
presynaptic action potential which allows massive Ca2+ entry into the presynapse 112. 
When a nerve terminal is stimulated repeatedly at a high rate, the postsynaptic current 
amplitude drops dramatically and eventually reaches a lower steady-state level (Figure 
4). Under these conditions when the fast rising currents from synchronous release 
become very small, the steady state current primarily originates from a slower process, 
named asynchronous or tonic release. This component is not clearly identifiable in 
the postsynaptic response from a single stimulation, because this minor component 
is mixed together with the synchronous phase. During repetitive stimulation however, 
the asynchronous phase builds up to a major component (Figure 4) which is attributed 
to residual Ca2+ accumulation in the synaptic cytoplasm. The build-up of asynchronous 
component in parallel to synchronous component rundown (Figure 4) can be explained 
by their strive for the same fusion competent vesicle pool. Finally, a third form of 
neurotransmitter release occurs stochastically in absence of APs. This phase is termed 
spontaneous release 113 (Figure 4).

Synchronous
Asynchronous

100 APs / 40 Hz

0.25 s
0.5 nASpontaneous

25 pA
2.5 s

1 nA
0.125 s

inset A
inset B

Figure 4. Three different types of neurotransmitter release kinetics. Representative scheme showing 
whole-cell electrophysiology recordings of postsynaptic current from a wild type excitatory hippocampal 
neuron in primary culture. The naive cell was recorded first in resting condition (left, inset A) and then 
during a high frequency stimulation at 40 Hz (right, inset B). Recordings at rest show spontaneous glutamate 
release. These events are also termed mEPSCs or minis (arrowhead in inset A). The train stimulation enables 
to identify phasic (synchronous, arrow in B) and tonic release (asynchronous, arrowhead in B), together 
constituting the total evoked release. Although all phases contribute to the measured postsynaptic current, 
the synchronous and asynchronous current charge can be approximated by calculating the white and grey 
area in the current plot, respectively (best visible in inset B ).
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2. Vesicular fusion and membrane composition 
Membrane interactions play an important role in C2 domain protein activity and membrane 
fusion. Vesicle cycling is orchestrated by proteins, lipids and their interactions. Membrane 
trafficking and fusion depends on local lipid composition within clusters, known as lipid 
rafts 164,165. They influence synaptic signal transduction and represent part of the mechanism 
modulating neurotransmission (for review 166). The next section introduces several important 
membrane components that are known to affect Ca2+-dependent membrane fusion in 
conjunction with the protein machinery. 

2.1 Phospholipids
Synaptosomal membranes contain three major types of lipids: phospholipids, cholesterols 
and sphingolipids 167. The main phospholipids present in neurons membrane and trafficking 
vesicles are phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylserine 
(PS) and phosphatidylinositol (PI) 16,168,169. They can be classified by the electric charges they 
carry. PE and PC are neutral. Those phospholipids are not directly involved in the membrane 
association of Syt-1 and Doc2, yet they are believed to induce membrane curvature stress 
170 and to be involved in fusion in collaboration with C2 domain proteins 171. PI is a minor 
component located on the cytosolic leaflet of the cell membrane which carries one negative 
charge through its phosphate group. It is converted by phosphorylation to PIP2 which can 
subsequently be hydrolyzed into DAG and IP3 by phospholipase C. 

2.1.1 Phosphatidylserine 
Phosphatidylserine (PS) is the major acidic phospholipid class present in cell membrane. It 
accounts for 13-15% of the phospholipids in the human cortex 172 and carries a single negative 
charge. PS is exclusively localized in the inner leaflet of membrane except during apoptosis 
where its externalization serves as a phagocytosis signal 173. It forms part of protein docking 
sites and is necessary for several signaling pathways including PKC signaling and exocytosis 
174,175. It is involved in Ca2+ dependent membrane association of many C2 domains, including 
those of Synaptotagmin-1 and Doc2a/b and increases their apparent affinity for Ca2+ 176–178.

2.1.2 Phosphatidylinositol (4,5)-biphosphate (PIP2)
Phosphatidylinositol (4,5)-biphosphate (PIP2) is an essential phospholipid present in small 
amounts in the inner leaflet of the PM. It is locally synthesized by the phosphorylation 
of phosphatidylinositol (PI) catalyzed by the sequential activity of PI-4-kinase, yielding 
PI(4)P and PI(4)P-5 kinase. PI(4,5)P2 forms clusters at exocytic domains 166. It contributes 
to the regulation of transporters and channels 179, exocytosis 146,180,181 and endocytosis 182. 
The molecular function of PIP2 depends on its highly negative headgroup which enables 
C2 protein anchoring to membranes. Some synaptic proteins, typically containing polybasic 
peptide sequences are targeted to clusters enriched in presynaptic phosphatidylinositides 
(PI, PIP2 and PIP3) 

181,183 where anionic lipids modulate their Ca2+-sensitivity and induce their 
activation to enhance membrane fusion 184–186. Depletion of PIP2 and/or PIP3 from the PM does 
not affect PKC association to the PM but accelerates its dissociation 185. Both Syt1 and Doc2b 
show Ca2+-independent membrane penetration in membranes containing PIP2 

138,183,184,187. 
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Figure 5: DAG/PLC potentiation pathway in relation to Ca2+-triggered secretion. Overview of the 
presynaptic DAG potentiation pathway originating from PIP2 hydrolysis into IP3 and DAG (diacylglycerol) 
following high frequency stimulation (HFS) or G-protein activation. Bulk Ca2+ accumulation during 
tetanic activity leads to DAG production. DAG activates C1 domains in both Munc13 and PKC, while 
Ca2+ can bind to C2 domain proteins (Syts, Doc2s). PKC phosphorylates Munc18, which also causes 
potentiation. Adapted from 190,201–205.
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Their association with PIP2 is dependent on the polylysine basic charges on the C2B domain 
surface which also interacts with the SNARE complex 188. PIP2 interaction is crucial for Doc2b 
targeting to the plasma membrane together with Ca2+. Reduction of PIP2 levels by rapamycin 
which depletes PIP2 without altering Ca2+, DAG or IP3 

189,abolishes Doc2b translocation 183. 
PIP2 interaction with C2 domain proteins facilitates the close apposition of the vesicle to 
target membrane 146,187, promotes exocytosis and induces synaptic potentiation 190. PIP2 is 
hydrolyzed into IP3 and DAG by phospholipase C (PLC) (Figure 5). Those 2nd messengers are 
also crucial for Ca2+-dependent potentiation of exocytosis (Figure 5) 166.

2.1.2 Cholesterol 
Cholesterol is an abundant sterol in synaptosomes  167. In contrast to phospholipids, 
cholesterol diffuses rapidly between the two membrane leaflets. It is a critical regulator 
of exocytosis by distinct mechanisms. First, it modulates the biophysical properties of the 
membrane by reducing membrane fluidity. The enhanced membrane rigidity by cholesterol 
adds resistance to the membrane which influences fusion pore dynamics 191,192, vesicle 
motion and docking 193 and the kinetics of vesicular release 194. Second, cholesterol is 
required for the clustering of  syntaxin 1 and SNAP-25 on the plasma membrane 195,196 and 
their redistribution was observed upon depletion of cholesterol from the plasma membrane 
195,197,198. Cholesterol depletion results in inhibition of secretion in neuroendocrine cells 195,196. 
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In hippocampal cultures, cholesterol depletion leads to an augmentation of spontaneous 
neurotransmission and severe impairment of the evoked component 199,200.

2.2 Lipid dynamics from stalk formation to pore expansion
The fusion of synaptic vesicles with the plasma membrane requires complex rearrangements 
of the two phospholipid bilayers. This complex reaction involves several intermediate 
steps. The first is the contact between the vesicular and plasma membrane phospholipid 
bilayers. The two membranes are bent towards each other forming local curvatures termed 
protrusions. The fusion process then continues, forming a stalk where the outer synaptic 
vesicle leaflet and inner plasma membrane layer become continuous and create a bridge 

69. Lipid rearrangement on both sides proceeds further after the stalk formation, resulting 
in bilayer formation between the luminal vesicular leaflet and the outer membrane leaflet. 
From this hemifusion state, tension induces a breach into the single bilayer, creating a fusion 
pore 206. The fusion pore is stabilized and expanded to enable neurotransmitter release into 
the synaptic cleft. Those steps require substantial energy to overcome membrane repulsion. 
This energy is provided by the SNAREs and Ca2+ sensor proteins. C2 domain proteins such as 
Syts and Doc2 enhance the formation of highly curved membrane tubules from liposomes, 
are associated with elongated membrane structures that tether opposing membrane 
bilayers and enhance the probability of membrane hemifusion in cell-free preparations 
207,208. 
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In vitro methods to study phospholipid- and Ca2+- binding by C2 domains. 

Phospholipid binding assays.

To measure phospholipid binding by isolated C2 domains, a phospholipid aggregation 
assay can be used 209. In this assay, lipids are dissolved and mixed in an organic solvent 
(e.g. chloroform) and dried under argon or nitrogen flow to prevent oxidation. After 
adding an aqueous solution, the lipids form vesicles of various sizes (large and small, 
multilamellar and unilamellar structures). Sonication is used to break these vesicles 
into small unilamellar vesicles (liposomes) that can be used in various assays. To 
assess protein-lipid binding, an aggregation assay is performed. It consists of a kinetic 
measurement of the optical density of a solution at a wavelength of 350 nm. The 
solution contains liposomes made with a PC/PS lipid mixture and a calibrated [Ca2+]
free solution. After a baseline recording, C2 domain protein fragments are added, which 
induce a rapid aggregation of the liposomes, increasing the absorbance depending on 
[Ca2+]free and the Ca2+ affinity of the protein fragment. After testing various [Ca2+]free 
solutions, the Ca2+ concentration that induces half-maximal liposome aggregation as 
a measure for the Ca2+ affinity of the protein fragment. The dose-dependent activity 
usually resembles a Hill curve, caused by the fact that Ca2+ ions bind to C2 domains in a 
cooperative manner. The Hill coefficient gives an estimate of the number of Ca2+ ions 
cooperatively binding each Ca2+-binding-pocket.

Another common method is the pulldown assay. In this assay, a buffered 
[Ca2+]free solution is directly mixed together with liposomes and recombinant 
C2 proteins. After incubation, the solution is subjected to high speed centrifugation 
to separate the liposomes (which form a pellet) and the supernatant. The amount of 
protein in each fraction is then determined by SDS-PAGE or Western-blot. The quantity 
of protein found in the pellet indicates its capacity to bind lipids. The procedure is 
repeated in a range of [Ca2+]free to determine the Ca2+ affinity. 

Optical tweezers 208 or pull force measurements is a recent technique which allow fine 
manipulation of vesicles. It requires lipid bilayers formed on the surface of polystyrene 
beads. Vesicles are optically trapped by a focused laser beam. A bead position detector 
registers the bead displacement from the optical trap, which allows to measure force 
exerted onto the bead. This enables the measurement of the force with which two 
beads become tethered. An advantage of this assay is the ability to control phospholipid 
composition and to measure unitary membrane fusion events. The main limitation of 
this assay resides in the fact that membrane dynamics and deformation cannot be 
completely identical to the physiological state, such as in living cells where SNAREs, 
accessory proteins and additional factors are all present (in other words: living systems 
are more complete but less defined). 

Ca2+ binding assay

For the direct measurement of Ca2+ ions binding to C2 domain proteins recombinant 
C2AB domains can be incubated with radioactive 45Ca2+  ions, binding of which can be 
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3. Ca2+ sources for exocytosis
Close proximity of Ca2+ sensors to Ca2+-channels optimizes the efficiency of Ca2+ sensor 
activation for fast neurotransmitter release 213,214. At rest, neurons maintain a low 
intracellular Ca2+ concentration ([Ca2+]i) in the 50-100 nM range 215–218. In the calyx of Held 
synapse, which is well accessible to fluorescence-based measurements of presynaptic Ca2+, 
the Ca2+-dependence of release extends over a wide range from 50 nM to 50 μM 219–221. At 
the resting [Ca2+], vesicle release exhibits a low Ca2+-cooperativity. However, above 3 µM 
Ca2+, the Ca2+-cooperativity for vesicle fusion is around 4 221. This may suggest that different 
ranges of Ca2+ concentrations are governed by different sensor proteins which differ in the 
number of Ca2+ ions binding cooperatively to their C2 domains.

3.1 AP-dependent exocytosis: VGCCs
Voltage-gated calcium channels (VGCCs or CaVs) are the primary mediators of 
depolarization-induced calcium entry into neurons from the extracellular space 222,223. Opening 
of VGCCs results in Ca2+ influx along the concentration gradient. Upon depolarization, it was 
estimated from Ca2+-current measurements that around 30 channels at the Calyx of Held to 
40 channels at hippocampal CA3-CA1 synapses per release site open during a single AP 50,224. 
VGCC opening/closing kinetics are prompt, resulting in Ca2+ transients that last between 
400 to 500 µsec, after which Ca2+ is immediately buffered effectively and diffuses rapidly 
in the intracellular space 225. The Ca2+ influx is initially local, restrained to presynaptic nano/
microdomains and will subsequently diffuse to form residual Ca2+ 224. At this stage, it may 
activate different target proteins such as asynchronous Ca2+ sensors. The term global [Ca2+] 
is typically used to refer to the spatially homogeneous [Ca2+]i, after the peak Ca2+ signal 
has diffused. The high diversity of Ca2+-channels fulfill specialized functions depending on 
neuronal subtype. In most synapses, release is triggered by Ca2+ influx through P/Q- (CaV2.1) 
and N-type Ca2+ channels (CaV2.2) 

224,226–231 which are associated with SNARE proteins 232 and 
Ca2+ sensors 233. The R- (CaV2.3) and L-subtypes (CaV1 series) are involved only rarely 226,227. 
Finally, the T-type (CaV3) Ca2+-channel is important for repetitive firing of action potentials in 
rhythmically firing cells such thalamic neurons (for review 5,234).

quantitated after ultrafiltration procedure and measurement of the protein sample 
compared to filtrate radioactivity 140,210. 

An alternative to the use of Ca2+ isotopes is isothermal titration calorimetry 141,211. This 
method measures the heat consumed or released in an endothermic or exothermic 
reaction. In this case Ca2+ binds to aspartate residues within C2 domains inducing a 
change in the entropy (S).

Other methods to detect Ca2+ binding are NMR spectroscopy 124,212 or spectrofluorometry 
of aromatic amino acid residues 133,212. The latter method has been used to measure 
Ca2+ binding for Syt-1 and Doc2b and makes use of the changes in fluorescence from 
aromatic residues in the surrounding of Ca2+ binding sites upon Ca2+ binding 133.
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3.1.1 CICR: Intracellular amplification of evoked Ca2+-transients
A mechanism that potentiates evoked postsynaptic currents is the Ca2+-induced Ca2+ release 
(CICR) mechanism, which amplifies the intracellular Ca2+ signal triggered by VGCC opening. 
The inflow of Ca2+ through VGCCs activates IP3 production from PIP2 (via metabotropic 
receptors and PLC). Inositol triphosphate receptors (IP3Rs) and ryanodine receptors (RyRs) 
are ligand-activated ion channels located on intracellular membranes. IP3 binding to IP3Rs 
liberates Ca2+ from intracellular Ca2+ stores. Both the type-I IP3R 235 and the RyRs 235 are also 
sensitive to Ca2+, resulting in a direct amplification  by the Ca2+-inflow through internal stores. 
This process of CICR thus propagates Ca2+ waves leading to amplification of Ca2+ signal 214,236 
and inducing short-lasting potentiation 237,238 (for review 239) but this last point was disputed 
for excitatory synapses 240 .

3.2 Ca2+ sources for AP-independent exocytosis
Despite the low resting [Ca2+]i at rest, spontaneous release persists in the absence of AP 
stimulation and under AP blockade by Tetrodotoxin (TTX) 138,237,241–243. Nevertheless, the 
rate of spontaneous release remains largely Ca2+-dependent 241,244–246. To explain this Ca2+ 
dependence, one possible triggering mechanism could be provided by stochastic local Ca2+ 
events which appear randomly in absence of AP (and presence of TTX) 238,241,243. Several  
possibilities may lead to such Ca2+ signals,  involving distinct pathways and different Ca2+ 
sources. First, the activation of PLC via metabotropic receptors can induce intracellular Ca2+ 
fluctuations. Second, the release of Ca2+ ions from intracellular stores has been shown to 
induce spontaneous local Ca2+ fluctuations 244,247. Third, VGCCs which are normally closed 
during the resting membrane potential may open occasionally with a low probability, giving 
rise to a Ca2+ signal, locally large enough to trigger membrane fusion. Finally, Na+ channels 
could spontaneously open when TTX is not present, producing local depolarization, 
concomitant VGCC activation and Ca2+-influx.  These possibilities are further explained in 
the next sections.

3.2.1 Intracellular source for Ca2+ transients
Activation of metabotropic receptors 
Another Ca2+-signaling pathway triggering spontaneous release relies on both extracellular 
Ca2+ stimulation and intracellular Ca2+-storage through the activation of metabotropic 
receptors. 

G-protein-coupled receptors (GPCRs) are the largest and most diverse cell surface receptor 
and hundreds are expressed in the brain 248. They are activated by different agonists and 
transduce extracellular signals into intracellular responses via their coupling to G-proteins. 
The canonical pathway induces intracellular Ca2+ oscillations via IP3 hydrolysis (Figure 5). For 
example, Gq and Gi induce intracellular Ca2+ increase through PLCβ2 and PLCβ1 249 (see review 
222,250). In general, Gβγ enhances PLC-mediated production of intracellular IP3. In pyramidal 
neurons, localized Ca2+ transients were mediated by GPCRs activated by glutamate, group 
I mGluRs (mGluR1 and mGluR5) 251 (for review 252). The increase of presynaptic Ca2+ events 
through these pathways may lead to an increased spontaneous release rate. 
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Another example is the Ca2+-sensing receptor (CaSR), a GPCR that can be triggered by 
[Ca2+]e during moderate synaptic stimulation and induces the enhancement of spontaneous 
neurotransmitter release through the IP3R pathway 251,253. It controls the frequency of 
Ca2+-transient via the activation of PLC and the subsequent production of IP3 

251,253.

Stochastic Ca2+-sparks
Early morphological evidence demonstrated by confocal and electron microscopy that 
the smooth endoplasmic reticulum (SER) constitutes a tubular shaped network, physically 
continuous throughout neurons 254,255 and locally within axons 256,257. The ER constitutes 
a connected intracellular Ca2+ reservoir which regulates neuronal Ca2+-homeostasis 
(see review 258). Electron microscopy and reconstruction studies of hippocampal synapses 
259–261 and other structures 262 (see review 263) showed the presence of ER closely associated 
with the presynaptic terminals. Evidence indicates that ER Ca2+ signaling in the proximity of 
release sites modulates spontaneous synaptic transmission.

RyRs and IP3Rs present on the sarco- and endoplasmic reticulum are responsible for 
spontaneous Ca2+-transients termed sparks, puffs, syntillas or simply ‘transients’,. They were 
observed in hippocampal neurons 237,243 dorsal root neurons 247,264 and cerebellar Purkinje 
cells 238. In hypothalamic neurons Ca2+ “syntillas” appears in presynaptic terminals in the 
absence of APs and extracellular Ca2+ by a RyR-dependent mechanism 246. They are likely the 
same type of spontaneous Ca2+ events and will be referred to in this thesis as Ca2+-transients. 
Ca2+-transients relying on intracellular stores are likely to rise [Ca2+]i to supermicromolar 
concentrations over hundreds or nanometers 246. All IP3R channels 265,266 and RyRs 
have a large conductance for cations including Ca2+ 267–269 (single channel conductance 
ranging around 100 pS and ~150 pS for IP3Rs and RyRs respectively). IP3Rs were 
shown to assemble in clusters of similar size which generate the Ca2+ puffs 270. 
Additionally, clusters can also be formed by a combination of both IP3Rs and RyRs 271,272. 
Ca2+-transients are then likely formed by mixed activation of both receptor types, initiated 
by few or single receptor clusters opening boosted by the CICR mechanism as released by 
one of them ignites the activity of its neighbours. 

The emergence of Ca2+-transients via IP3Rs/RyRs remains elusive and the signal that 
activates the process has not been identified yet. We still need to elucidate whether the 
mechanism is elicited by stochastic RyR/IP3R opening, signaling cascade activation following 
GPCRs and PIP2 hydrolysis or other Ca2+-dependent activation pathways. In addition, further 
investigation is  necessary to determine if a single receptor opening is sufficient to generate 
Ca2+ transients or not.

3.2.2 Extracellular source for Ca2+ transients
VGCCs
Spontaneous Ca2+-transients might originate from the stochastic opening of voltage-
dependent Ca2+ and Na+ channels at resting membrane potential. The contribution of VGCCs 
to stochastic Ca2+-transient generation was mostly investigated through electrophysiological 
and pharmacological investigations of spontaneous neurotransmitter release, rather than 
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Box 3: Ca2+-indicators

Ca2+-indicators have long been used to study intracellular [Ca2+] and Ca2+-signaling in 
living cells. They can be divided into two main classes with advantages and limitations 
for each: chemical or organic Ca2+-indicators 275 (Indo1, Fura-2, Fluoro4, Oregon Green 
488 BAPTA-1: OGB1) and genetically encoded Ca2+-indicators 276 (GECIs: GCaMP6, 
RGECO). 

Chemical Ca2+-indicators have been widely used as Ca2+-sensing fluorescent probes. 
They can be divided into 2 main classes based on whether they are ratiometric or 
nonratiometric. Fura-2 is used with excitation ratiometry (dual excitation wavelength, 
single emission wavelength) whereas Indo-1 is used with emission ratiometry (single 
excitation wavelength, dual emission wavelength). Their fluorescence is modulated 
based on the Ca2+-free/Ca2+-bound state. The ratio enables to correct for the local 
concentration of the Ca2+ dye and therefore allows to evaluate the absolute [Ca2+]. 
Many chemical dyes are available in three chemical forms: salts, dextran conjugates or 
acetoxymethyl (AM) esters. Salts are the simplest form of Ca2+ indicators, but because 
of their hydrophilic nature, they are membrane impermeable and require invasive 
loading procedures. They can be introduced into cells by multiple techniques including 
microinjection, diffusion from patch clamp pipettes, electroporation or lipotransfer using 
liposomes. As a disadvantage, chemical Ca2+-indicators tend to compartmentalize in 
membrane-bound structures. Dextran conjugated Ca2+ dyes were specifically engineered 
to address the problem of compartmentalization. Dextrans are very large molecules 
that have high water solubility and exhibit essentially no compartmentalization. AM 
esters offer a very convenient method for loading hydrophilic dyes into cells. They are 
sufficiently hydrophobic to be membrane permeable and get passively loaded into cells. 
Intracellular esterases cleave off the AM group, thereby trapping the dye in the cytosol. 
A drawback of ester dyes is their incomplete and heterogeneous cleavage, generating 
fluorescence from partially cleaved ester indicators, which reduces signal to noise ratio. 
Generally however, chemical Ca2+ indicators offer very good signal-to-noise ratios 277 
and can easily be injected in single or small group of neurons by electroporation. The 
biggest disadvantages of chemical Ca2+-indicators is that they cannot be specifically 
targeted to a particular organelle and do not allow chronic recordings over several days. 

GECIs can be expressed by transfection, viral transduction or transgenesis. The most 
commonly used GECI is the GCaMP family 278. GCaMP is built of a circularly permuted 
green fluorescent protein (cpGFP) fused to calmodulin (CaM) and the CaM-interacting 
M13 peptide. Ca2+- induced conformational changes in the CaM-M13 complex causes a 

through direct Ca2+-imaging. A pharmacological blockade of VGCCs in presence of the Na+ 
channel blocker (TTX) revealed that P/Q-, N- and R-type VGCCs contribute to about 50% of 
AP-independent excitatory minis in hippocampal neurons 241. T-type channels, also known 
as low voltage activated (LVA) Ca2+-channels, could also contribute to spontaneous Ca2+-
transients because they can be activated at resting membrane potential 234,273. Also, L-type 
VGCCs (CaV1.2 and CaV1.3) presenting a shifted activation threshold  around -30 mV 274 were 
reported to greatly increase Ca2+-influx at rest.
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4 Presynaptic plasticity
As detailed in the above sections, many factors influence synaptic activity. As a consequence, 
synaptic release is highly plastic: dynamically affected by neuronal activity patterns. 
Synaptic plasticity is controlled by homeostatic mechanisms that dynamically adapt synaptic 
transmission efficacy in response to various stimuli. Presynaptic homeostatic modulation 
must be distinguished from postsynaptic modulation which involves neurotransmitter 
receptor mobility (postsynaptic scaling). Presynaptic homeostatic plasticity is generally 
induced by neuronal activity via retrograde trans-synaptic signaling that modulates 
neurotransmitter release  288,  presynaptic Ca2+ influx 289,290 or vesicular neurotransmitter 
content 291 among other mechanisms (see review 292). Synaptic plasticity is crucial for high 
cognitive functions such as memory, learning and many other behaviors. The next section 
introduces some key concepts and mechanisms in synaptic plasticity, with a focus on short-
term plasticity. Other forms of plasticity exist, but will not be extensively detailed here. 

4.1 Synaptic secretion modulation and functional relevance 
Long-term synaptic plasticity is a fundamental property of the nervous system. It is 
commonly considered as the mechanism underlying learning and memory 293,294 (for review 
295). Synapses across the brain present different mechanisms underlying LTP induction. 

brightness increase of the GFP chromophore. GCaMP Ca2+ affinity, brightness, and 
subcellular localization have been improved by mutagenesis on the interface between 
cpGFP and CaM 279–282 to yield variants with high Ca2+ affinity and fast kinetics such as 

GCaMP6f 282. The palette of GECIs expanded to red-shifted (R-GECO, RCaMP) but also 
blue Ca2+-indicators, facilitating multichannel imaging 283,284. GECIs are suitable for 
longitudinal fluorescence imaging over long time periods 285. GECIs can be used in 
conjunction with cell-type specific promotors, subcellular targeting sequences or the 
Cre-LoxP system, facilitating recordings in molecularly identified neuronal types or 

subcellular compartments. Significant progress had been made in terms of signal 
reporting and expression of GECIs but important challenges remain. The use of GECIs 
in acute slices or in vivo requires stereotaxic or in utero viral injections which can lead 
to tissue damage or heterogeneous and unstable expression. In addition, GECIs still 
present slow Ca2+-association/dissociation kinetics, limiting imaging speed 277 and can 
potentially lead to cytotoxicity due to long-term expression 286. 

Both chemical and genetically encoded Ca2+-indicators present a broad range of Ca2+ 
affinities, association/disassociation kinetics and excitation/emission wavelengths. 
When selecting an indicator for Ca2+ imaging experiments, their Ca2+ dependency 
range, kinetics and their excitation and emission wavelengths need to be considered 
(see review 287). In Chapter 2 and 3, we extensively used synthetic Ca2+-indicators 
(OGB1-AM, Fura2-AM) in comparison with GECIs (GCaMP6s and f) and for ratiometric 
measurement .
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A common mechanism for long-term potentiation (LTP) arises from the recruitment of 
postsynaptic AMPA receptors at the PSD or instead the acceleration of their diffusion or 
removal out of the postsynaptic density 296. Some studies reported an increase of release 
probability 297 and LTP 298 mediated by presynaptic NMDA receptors insensitive to Mg2+ 
block (GluN2B, GluN3A subunit). Hippocampal mossy fiber synapses formed from granule 
cell projections onto postsynaptic cells in the CA3 region present another LTP mechanism 
mediated by presynaptic autoreceptors (see reviews 299–302). 
Short-term plasticity (STP) also contributes to information processing and allows synapses 
to perform critical computational functions by acting as a dynamic filter within a neural 
circuit 303. This view is supported by studies of cortical and hippocampal circuit operations 
304,305. By this mechanism, the synapses can selectively pass particular information in a feed-
forward network. As an example, the information filtering of sensory information in the 
somatosensory or auditory cortex enables persistent stimulation to be ignored or toned 
down 305,306 as the result of presynaptic depression during repetitive stimulation. 

4.2 Short-term plasticity
The strength of synaptic transmission is shaped by two main properties at the presynaptic 
element: the probability of vesicular release (Pvr) and the number of releasable vesicles in 
the RRP (RRP size). Those two factors determine together the synaptic probability (Pr) and 
the synaptic plasticity.  
STP occurs within milliseconds to minutes and has predominantly presynaptic origins 
(Figure 6). Several forms of synaptic short-term plasticity have been identified, including 
short-term depression (STD) and potentiation (STP). STP is more complex than STD as it 
occurs in a wider range of time scales. It is classified into facilitation 26,300, augmentation 
and potentiation (post-tetanic potentiation: PTP ; Figure 6C). Altogether, the multiple 
components of short-term plasticity interact to perform a variety of synaptic computations 
for sensory information processing, rapid decision making and working memory 303. 

4.2.1 Presynaptic Ca2+ dynamics & potentiation
The time course of residual [Ca2+] during and after intense synaptic activity depends on 
several factors which shape [Ca2+]i profiles and modulate synaptic strength and plasticity. 
The different mechanisms include the activity-dependent Ca2+ influx from extracellular 307 
or intracellular stores 237, the Ca2+ buffering or clearance capacity 308. Presynaptic global 
buildup of residual Ca2+ modulates augmentation and PTP by several distinct processes. Two 
mechanisms that relate to the work in this thesis are: 1) increasing the size of the RRP through 
de novo synthesis, recruitment and recycling of synaptic vesicles or accelerating priming 
135,309,310, or 2) transiently increasing the probability of vesicular release (Pvr) 

26,41,311–314. The 
latest can be mediated by modulation or repositioning of Ca2+ sensor proteins among other 
mechanisms. Those two distinct mechanisms modulate short-term potentiation on different 
timescales and might respectively mediate PTP and augmentation. The effect of Ca2+ buildup 
through vesicle recruitment or priming (RRP, IRP mediated enhancement) is set up in few 
seconds, excluding its effectiveness during short interval paired stimuli (Box 4; Figure 6), 
whereas it should prevail for augmentation and PTP. On the other hand, enhancement of 
the vesicular release probability likely orchestrates the short-lasting facilitation. 
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4.2.2 Mechanisms of short-term plasticity
Short-term facilitation (STF) and depression (STD) occur during few to hundreds of 
milliseconds between subsequent pulses of paired stimulation (Figure 6A). STD is normally 
attributed to an exhaustion of vesicles in the RRP during a period of repetitive or intense 
stimulation, when the rate of the pool replenishment by vesicle reuptake and maturation 
(docking, priming) does not match the speed of vesicle fusion 26,315,316. Alternatively, repeated 
short-interval stimulation can facilitate release if vesicular release probability compensates 
for the loss of releasable vesicles. At most synapses, short-term depression and facilitation 
co-exist 317,318. The probability of a vesicle to fuse and release neurotransmitter during a 
single action potential (vesicular release probability, Pvr) at hippocampal synapses is rather 
low (Pvr=0.35) but can vary between different synapses (Pvr ~0 to 0.87) 319,320. A major 
factor for the balance and change in those forms of synaptic plasticity is the initial release 
probability (Pr). 

Cells presenting a high initial Pr typically display depression 316,321. The higher the initial Pr is, 
the higher is the number of vesicles released by a single AP, then depleting a substantial part 
of the RRP. The RRP is not fully replenished when the next stimulus arrives, giving a smaller 
number of vesicles to fuse and a smaller EPSC. Consequently, an increase in stimulation 
frequency (i.e. shortening of the stimulation interval) leads to stronger depression (Box 4; 
Figure 6). As residual [Ca2+]i builds up, the release depression is counteracted by an increased 
rate of vesicle replenishment, fueling the steady-state postsynaptic current. Other forms of 
depression, relying on postsynaptic processes, exist in parallel to the one described above, 
such as the saturation of neurotransmitter receptors.

In contrast, synapses with a low initial Pr are likely to facilitate 300 (Box 4; Figure 6A &B). 
Upon residual Ca2+ buildup, the initially low release probability augments, boosting 
neurotransmitter release in subsequent stimuli. The disparity between peak [Ca2+]i during 
exocytosis (up to 100 µM) 54 and residual [Ca2+]i (10 nM to 300 nM) 218,322 during facilitation 
is inconsistent with the simplest concept in which a single Ca2+ sensor orchestrates both 
exocytosis and facilitation 323. This prompt the hypothesis that Ca2+ causes facilitation inter 
alia by binding a second class Ca2+ sensor with a high Ca2+ affinity and slow kinetics distinct 
from the Ca2+ sensor driving fast release 300. 

Syt-7 has been implicated in facilitation at Schaffer collateral synapses, hippocampal 
mossy fiber synapses, corticothalamic synapses and lateral perforant path synapses onto 
dentate granule cells where Syt-7 is expressed and facilitation is prominent 134. Paired-pulse 
facilitation and synaptic enhancement were eliminated in Syt-7 KO and viral expression of 
wild type but not Ca2+-insensitive mutant of Syt-7 rescued it 134. Other C2 domain proteins 
may be involved in synaptic facilitation. For example, in cultured hippocampal neurons, 
Doc2 was shown to support short-term enhancement 324, a function which required Ca2+ 
and Munc13 binding. 
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4.1.2.2 Mechanisms of augmentation and post-tetanic potentiation
Augmentation and potentiation refer to the increase of synaptic strength for tens of seconds 
to minutes (Figure 6B-C) following high frequency stimulation (HFS). Those two forms of 
plasticity cannot be measured separately and are together often referred to as post-tetanic 
potentiation (PTP). However, augmentation may require less intense stimulation than 
potentiation 26,315 as suggested by the linear relationship between the different forms of 
plasticity and [Ca2+]i 

312,325. 

Intracellular [Ca2+] plays a central role in the induction of augmentation and potentiation 
326–328. Simultaneous measurement of presynaptic [Ca2+]i or modulation of [Ca2+]e together 
with synaptic information transfer revealed that local [Ca2+]i at the release site is a major 
factor that influences synaptic enhancement. Depletion of extracellular Ca2+ induces 
synaptic depression 329 and disrupts long-term potentiation normally developed by train 
stimulation 330. Elevation of presynaptic Ca2+ accelerates synaptic recovery which is blocked 
by Ca2+ buffering 314,318,331. Finally, multiple investigations reported that residual bulk [Ca2+] 
arising from repetitive stimulation affects synaptic potentiation 311–313. 
Multiple candidates have been proposed to respond to residual Ca2+ to produce augmentation 
and PTP. Adenylyl cyclase (AC) or phospholipase C (PLC) are activated by [Ca2+] and their 
activation can potentiate release. The activation of the latter triggers the canonical PLC/DAG 
pathway (Figure 5). Pharmacology implicated PKC in potentiation at several hippocampal 
synapses 332,333 and the Calyx of Held synapse 327. Knockout of calcium-dependent PKC, PKCα 
and β revealed ~80% reduction of PTP at the calyx of Held 334. PKC is  activated by DAG, 
which rapidly phosphorylates Munc18-1 202,335,336 (Figure 5) changing its affinity for syntaxin 
and vesicle priming. The Ca2+ sensor Syt-1 is also phosphorylated by PKC, which induces 
synaptic transmission potentiation 203 (Figure 5). Munc13-1 and -2 are also implicated in 
short-term plasticity independently through a residual Ca2+ mediated priming mechanism 
337,338. The Munc13-1 dependent potentiation pathway was shown independent of Munc18-
1 and PKC but still is mediated by DAG 190,202,339,340. Altogether, Munc18-1, Munc13-1 and 
Syt-1 act cooperatively for potentiation through the DAG/PKC pathway (Figure 5). Finally, 
calmodulin (CaM) dependent upregulation of RRP recovery during high [Ca2+] can also result 
into potentiation. 

The investigation of presynaptic Ca2+ dynamics, its effectors and Ca2+ sensors for short-term 
plasticity is a major challenge in neuroscience. A thorough understanding of the mechanisms 
of interplay between the different pathways is essential for the understanding of information 
computation by neuron networks, which is the basis of all nervous system function.
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1 Box 4: Electrophysiological paradigms to assess 
the different forms of synaptic plasticity

Paired Pulse stimulation

A functional aspect of STP can be assessed by electrophysiology using two paired 
stimuli (Figure 6A), closely spaced with intervals ranging from tens of milliseconds up 
to seconds. In this thesis, paired pulse paradigms were used extensively with intervals 
from 20 milliseconds to 1 second (see Figure 6A & chapters 2, 3, 4). Paired-pulse 
plasticity can be facilitating or depressing, depending on the initial release probability. 
EPSCs are prone to depress if the initial release is high or to facilitate if the initial Pr is 
low and global/residual [Ca2+]i builds-up when the second AP occurs. 

Train stimulations

Repetitive stimulation (Figure 4B; Box 1) usually induces depression or synaptic fatigue 
because the RRP is being emptied faster than replenished 315,316. However, other forms 
of depression mechanisms can occur in parallel based on the number of release sites 
or activity-dependent Ca2+ channel inactivation. Residual [Ca2+]i increases during 
repeated stimuli accelerate vesicle replenishment, increase Ca2+ sensor-dependent 
vesicle fusion and engender PTP 337,338,341 (Figure 6C). Ca2+ build-up depends on many 
factors including Ca2+ buffering capacity, surface Ca2+ channel regulation, Ca2+ clearance 
but also Ca2+-induced Ca2+-released (CICR) mechanism and VGCCs 237,238,307,308.

AP stimuli

EPSC strength

Paired pulses Train PTP

STD

STP

A. B. C.

25 ms
2 nA

25 ms
2 nA

1 s
2 nA

Figure 6: The different forms of presynaptic short-term plasticity. Short-term potentiation (STP) and 
depression (STD) can be caused by different types of stimulation (depicted in the top images). A. Paired 
pulse stimulation with various intervals from a few milliseconds to a second can either induce STP (middle 
panel in A.) or STD (lower panel in A.) depending on the initial release probability (Pr). B. Train stimulation is 
usually accompanied by synaptic potentiation (middle panel) in neurons with a low initial Pr, but depression 
(lower panel) in neurons with a high initial Pr. C. High frequency train stimulation (HFS) induces long lasting 
potentiation know as post-tetanic potentiation (PTP).
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5. Aim and outline of the thesis
The general aim of this thesis is to study the role of several Ca2+ sensors in evoked and 
spontaneous neurotransmitter release and their implication in synaptic plasticity. Chapter 2 
and 3 deal with the role of presynaptic fast Ca2+-transients and global [Ca2+]i rises in resting 
cells. The second part, Chapter 4 and 5, provides insight in the functional involvement of 
several Ca2+ sensors and C2 domain proteins. 

In chapter 2, we quantified spontaneous cytosolic Ca2+-transients which appear at rest. 
Two main classes of Ca2+ events were defined: spontaneous Ca2+ elevations (SCEs) which 
comprise all types of Ca2+-events detected under resting conditions, and a subclass of SCEs 
termed spontaneous Ca2+-transients (SCTs) discernible by their single peak and fast kinetics. 
We developed a novel method and analysis routine to inspect and quantify short lasting 
Ca2+-transients (SCTs). Advanced genetically encoded Ca2+-indicators allow to monitor 
[Ca2+]i with a high spatial and temporal resolution, offering novel opportunities to identify 
SCTs but also prompting a need for improved data analysis methods. An algorithm was 
developed to accurately and automatically identify rapid Ca2+ events arising in small cellular 
compartments, such as the presynaptic element. We demonstrate the reliability of this 
analysis compared to manual method. 
The method was used in chapter 3 to explore the relation between SCTs and spontaneous 
glutamate release. Previous evidence indicated that spontaneous release is affected by 
blockade of voltage-gated Ca2+-channels but also correlated to Ca2+ signals originating 
from intracellular stores, depending on the neuronal type. Using different imaging 
methods, including GCaMP6 combined with electrophysiology in primary culture of mouse 
hippocampal neurons, we studied the regulation of mEPSCs by extracellular and intracellular 
[Ca2+]. We found no strong evidence for a tight coupling of stochastic Ca2+ elevations to 
mEPSCs in this neuronal preparation, suggesting that spontaneous neurotransmitter release 
events are governed by global [Ca2+]i levels or, alternatively, are coupled to spontaneous Ca2+ 
elevations by a slow (>1s) or temporally variable mechanism. 

Chapter 4 focuses on the phenotypic effect of Doc2b Ca2+-binding site mutations on 
spontaneous and evoked neurotransmitter release in primary cultures of hippocampal 
neurons. In previous studies, two Doc2b mutants Doc2bDN and Doc2b6A (which carry the 
substitutions D218,220N or D163,218,220,303,357,359A respectively) have respectively 
been classified as gain- and loss-of functions and this has led to different interpretations of 
Doc2b’s function as a Ca2+ sensor or not 133,138. In a side-by-side comparison, both mutants 
similarly affected Ca2+-dependent membrane binding as well as synaptic function. We 
revealed a potential function for the protein in short-term plasticity release during and 
after high frequency stimulation and reconciled conflicting data concerning its effect for 
spontaneous release.

Chapter 5 extends our study on spontaneous release, aiming to elucidate additional 
C2 domain proteins responsible for the remaining spontaneous release in absence of the 
main sensors Doc2a/b. 
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Using null mouse models for Doc2c, Rabphilin3A and Synaptotagmin-7, we found 
that Doc2c and Synaptotagmin-7 do not regulate mEPSCs, while a potential effect for 
Rabphilin3A appeared in glutamatergic spontaneous release specifically in network cultures 
of hippocampal neurons. 

Finally, Chapter 6 provides a general discussion on new experimental findings and procedures 
that apply to the scope of our research, in the context of existing literature. A detailed 
discussion in given on the relevance of spatial Ca2+-events which may potentially lead to 
spontaneous release. Finally, this chapter puts forward newly emerging questions and 
perspectives that arise from the thesis, which could be the basis for future investigations. 
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