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1.1

General introduction

Information processing in the brain

The human brain, arguably the most complex system in the universe, is an extremely intricate network made up of ∼1011 neurons and a total of ∼1014 connections (synapses) between these neurons. Mathematician and computer pioneer
Von Neumann proposed in his The computer and the brain that the workings of
our brain can, to certain extent, be compared to that of an electronic computer
— even though, at the time, he also realised that a one-to-one comparison between brain and computer does not hold [1, 2]. Nevertheless, carrying on this
analogy for now, a simple back-of-the-envelope calculation reveals some striking
numbers about the brain’s capabilities: taking the average frequency with which
a neuron produces action potentials (APs — the rapid membrane depolarisations
that encode information in the brain) to be in the range 1–10 Hz, the brain can
be roughly estimated to perform some 1014 –1015 calculations per second — a
figure comparable to the speed of todays fastest supercomputers [3]. This huge
computational potential is in part due to the architecture of the brain: calculations are performed in a parallel scheme as opposed to the serial calculations in
an electronic computer. Incoming sensory information (e.g. visual, auditory or
tactile) is encoded as patterns in AP firing rate, which are then simultaneously
processed/modified by thousands to millions of neurons in subsequent layers in
the network and eventually translated into an appropriate action via activation
of the motor cortex [4]. Although this strategy has also proven its success in
computer science — especially in ‘cognitive’ tasks like pattern recognition, analysis of streaming data and unsupervised learning — and has recently received
renewed interest from the artificial intelligence field [5,6], many of the underlying
biological principles of information processing in the brain remain enigmatic.
In this thesis we investigate biophysical principles regulating synaptic transmission, which plays an important role in information processing. We first
show, using a novel method for fitting hypertonic sucrose-induced postsynaptic responses, that certain presynaptic proteins affect the energy barrier for
vesicle fusion additively, while influencing the rate of synaptic vesicle fusion
in a supralinear manner (chapter 2). Next, we apply this method to show that
Synaptotagmin-1 does not clamp release via the fusion energy barrier (chapter
3). After that, the additive/supralinear relation introduced in chapter 2 is used
to construct a new model for Ca2+ -evoked release (chapter 4). Subsequently,
we show that a particular type of synaptic plasticity, post-tetanic potentiation,
co-occurs with a lowering of the fusion energy barrier, which happens independently of Synaptotagmin-1 (chapter 5). Then, we study the effects of positional
heterogeneity of primed vesicles at the active zone on Ca2+ -evoked release (chapter 6). Finally, all these findings are discussed and directions for future research
are provided (chapter 7).
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The synapse: the basic computational unit
of the brain

Non-linearity is a key requirement for any information processing system, such as
a computer — or, in this case, the brain [7]. The simplest non-linear element in
the brain was initially thought to be the neuron [8]. However, decades of research
have shown that synapses possess specialized properties that make them capable
of transmitting information from one neuron to the next in a (highly) non-linear
manner [9]. In addition, the stochastic and activity-dependent nature of synaptic
transmission has theoretically been found to have profound implications on the
computational properties of the brain [9–11].
At synapses, the signal-sending (presynaptic) neuron is physically separated
from the signal-receiving (postsynaptic) neuron by the synaptic cleft (fig. 1.1).
In order to transfer information from one neuron to another across the synaptic
cleft, an electrical signal (action potential) has to be converted into a chemical
signal (release of neurotransmitters) at the presynaptic side and back again into
an electrical signal at the postsynapse. Upon arrival of an action potential
at the presynaptic terminal, voltage-gated Ca2+ channels open, leading to a
brief and highly localised increase of the intracellular Ca2+ concentration. Ca2+
sensors ensure the fusion of neurotransmitter-containing synaptic vesicles with
the plasma membrane to be tightly correlated with this short spike in presynaptic
Ca2+ levels, resulting in rapid and accurately controlled signal transduction.
Only a subset of all vesicles present in the presynapse is capable of fusing in this
highly synchronised manner. These ‘primed’ (release-ready) vesicles together
make up the readily releasable pool (RRP) and are thought to be correlated to
the number of vesicles that are morphologically docked at the active zone (AZ), a
protein-dense region at the presynaptic plasma membrane [12–14]. To allow for
reliable signal transmission during prolonged period of stimulation, the synaptic
vesicle cycle (schematically depicted in the presynapse in fig. 1.1), which assures
the supply of new vesicles, has to be tightly regulated (for a review, see [15]).
The released neurotransmitters will cross the synaptic cleft by means of diffusion and bind to receptors at the postsynaptic density (PSD) of the receiving
neuron. In glutamatergic synapses, this results in the opening of cation channels, causing a depolarisation of the postsynaptic membrane potential, while in
GABAergic neurons it triggers the opening of Cl− channels, typically inducing a hyperpolarisation. The amplitude of this signal defines the strength of
the synaptic connection and determines how much the presynaptic neuron contributes to the activation of the postsynaptic neuron, when multiple synapses
from different neurons are active.
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Figure 1.1: Cellular processes underpinning synaptic signaling. Once vesicles are
tethered and docked to the active zone (AZ), they undergo a priming reaction to render
them fusion-competent. Arrival of an action potential causes the opening of voltagegated Ca2+ channels, resulting in a rapid influx of Ca2+ ions which trigger the fusion
of vesicles with the plasma membrane. The released neurotransmitters then traverse
the synaptic cleft by diffusion and bind to receptors in the postsynaptic density (PSD)
of the receiving neuron. These receptors cause ion channels to open, resulting in an
ionic influx and thus a depolarisation (glutamatergic receptors) or hyperpolarisation
(GABAergic receptors) in the postsynaptic membrane potential. If this membrane
potential exceeds the action potential threshold, the original electrical signal can proceed and travel onwards via the postsynaptic neuron. Fused vesicles in the presynapse
undergo endocytosis and are recycled to be used in subsequent rounds of vesicle fusion.

1.3

Short-term synaptic plasticity

Synaptic strength is not fixed but highly plastic, depending on previous neuronal
activity, and of a stochastic nature, owing to both pre- and postsynaptic properties [16]. Synaptic plasticity can affect signal transmission in a large number
of ways and on different time scales. Long-term plasticity (LTP), thought to
underpin learning and memory, lasts for hours up to months, or even years, and
4

General introduction

Chapter 1

involves mainly postsynaptic processes [17]. Short-term plasticity (STP) occurs
on time scales ranging from milliseconds to minutes and has a predominantly
presynaptic origin. It is thought to shape the computational properties of a
synapse by effectively acting as a dynamic filter that only passes on particular
input frequencies or spiking patterns [9, 18].
Theoretically, the effect of STP on information processing in neural networks
has been studied extensively using phenomenological models, which are capable of describing key aspects of experimentally observed synaptic responses in a
fairly simple manner [11, 19, 20]. These models revealed that dynamic synapses
in feed-forward networks, through their non-linear filtering properties, are able
to detect statistically significant characteristics in noisy patterns, and regulate
gain-control [9,11,21–23]. One modeling study recently proposed the mechanism
of working memory to be dependent on ‘synaptic facilitation’, a type of shortterm synaptic plasticity related to a temporary increase in synaptic strength [24].
Experimental assessment of the role of STP in information processing remains
problematic, as current recording techniques do not allow for simultaneous measurements of thousands of neurons at the single cell level in vivo with millisecond
time resolution. The avian auditory brainstem constitutes one of the few systems that allowed for studying this issue in slice recordings, in the context of
sound localisation [25, 26]. For this particular process, a temporary decrease in
synaptic strength known as ‘synaptic depression’ in synapses between the nucleus
laminaris and the nucleus magnocellularis has been proposed as the mechanism
performing the computations on the auditory input [9, 18, 27]. Altogether, STP
in synapses has been found to profoundly affect information processing, both on
the level of individual neurons as well as in networks of neurons [11].

Box 1: Key proteins involved in regulating synaptic vesicle release
SNARE & SM proteins
Many key proteins have been identified that are involved in regulating the
final steps leading up to Ca2+ -evoked synaptic vesicle release [28–30]. The
core of this fusion machinery is formed by the SNARE (Soluble NSF Attachment REceptor proteins) complex, consisting of the proteins SNAP-25,
syntaxin-1 and synaptobrevin/VAMP (Vesicle-Associated Membrane Protein) [30], which bind together to form a coiled bundle of four helices. While
synaptobrevin/VAMP is vesicle-bound, syntaxin-1 is partially embedded in
the plasma membrane. During exocytosis, both opposing membranes are
pulled towards each other during the concerted assembly of the SNARE
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complex under the guidance of the SM (Sec1/Munc18-like) protein Munc181 [31]. The process of vesicle fusion is thought to be driven by the ‘zippering
up’ of the SNARE complex, which provides enough free energy to overcome
the (e.g. electrostatic) forces that prevent the membranes from fusing spontaneously [29]. The minimal number of SNARE complexes required to drive
membrane fusion has been subject of study in recent years, with estimates
ranging from 1 to 11 depending on the type of system and approach used
— more SNARE complexes are thought to result in a higher release probability and to drive faster release modes [29, 32–35].

Ca2+ sensors
The coupling of rapid vesicle fusion — and thus, the zippering up of the
SNARE complex — to the transient spike in presynaptic Ca2+ concentration upon arrival of an action potential is due to the vesicle-bound
Ca2+ sensor Synaptotagmin-1 (Syt-1). Electrophysiological studies of Syt1-deficient neurons revealed a loss of the fast/synchronous release phase
upon action potential stimulation, while a slow/asynchronous release phase
still remains [36]. While Syt-1 is primarily expressed in the forebrain, Syt-2,
the closest homolog of Syt-1, has a similar function in the hindbrain and
the spinal cord [37]. Other Ca2+ sensors include Syt-7, which has been
implicated in asynchronous release in forebrain neurons [38], and the double C2-like domain-containing protein alpha (Doc2a) and Doc2b, which has
been linked to spontaneous release [39].
Syt-1 presumably promotes vesicle fusion by generating membrane curvature upon Ca2+ binding, resulting in a lowered energy barrier for fusion [40]. For Syt-1 to function properly, Complexin has to be present.
Complexin is thought to keep SNARE complexes in a partially zippered
state, and prepare them for interaction with Syt-1, so that they can be released upon the binding of Ca2+ to Syt-1 [30, 31]. Furthermore, Complexin
is hypothesised to play a role in coupling the force resulting from SNARE
complex zippering to both opposing membranes [29].

Active zone proteins
The positioning of the primed vesicle — or rather, the Ca2+ sensor — with
respect to the Ca2+ channels is clearly of great influence on the speed of the
Ca2+ trigger-release coupling: the closer to the Ca2+ channel mouth, the
sooner and higher the Ca2+ concentration transient will be at the vesicle’s
position, and thus the more synchronised the fusion reaction will be with
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the stimulus. Primed vesicles are tethered to Ca2+ channels via a protein
complex, the core of which is formed by the proteins Munc13, RIM (Rab3Interacting Molecule) and RIM-BP (RIM-Binding Protein) (for a review,
see [41]). While RIM and RIM-BP are responsible for localising the Ca2+
channels close to the primed vesicles, Munc13 (which is activated by binding
to RIM) plays a role in priming and catalysis of SNARE complex assembly
via its MUN domain [30, 42] as well as in short-term plasticity via its C1,
C2B and calmodulin-binding domains [41, 43–45].

1.4

Mechanisms in short-term depression

Short-term depression (STD) is generally attributed to an emptying of the RRP
during periods of intense stimulation, when the rate of vesicle replenishment
from an upstream depot pool is too low to keep up with the rate of vesicle
depletion [46,47]. Synapses with high vesicular release probability (pvr ) typically
display stronger depression than do low-pvr synapses. Here pvr is defined as the
fraction of the RRP released by a single AP:
pvr ≡

QEPSC
QRRP

(1.1)

where QEPSC is the charge of a single AP-evoked excitatory postsynaptic current
(EPSC) and QRRP is the RRP size, which is usually probed by applying RRPdepleting stimuli to a neuron, such as Ca2+ uncaging, a prolonged train of highfrequency AP-stimuli, or 0.5M hypertonic sucrose (see box 2). The stronger
depression in high-pvr synapses can be understood from the fact that in such
a synapse a single AP readily depletes a sizable fraction of the RRP that is
not fully replenished before the next stimulus arrives, leaving a smaller pool for
subsequent stimuli to draw on. Similarly, an increase in stimulation frequency
leads to stronger depression since less time for replenishment is available in
between stimuli at higher frequencies [47]. As the global Ca2+ concentration
builds up during repetitive stimulation, the progressive depletion of the RRP
and concomitant depression is counteracted by a calmodulin-dependent increase
in the rate of replenishment of new vesicles, which fuels the steady state EPSC
amplitudes at the end of a prolonged high-frequency stimulus (fig. 1.2A) [48,49].
As another source of STD, the availability of release sites, where newly recruited vesicles can dock and the number of which limits the RRP size, has
been proposed [47,50,51]. The vesicular proteins remaining in the plasma membrane after the fusion of a vesicle are thought to inactivate the release site
temporarily. Subsequent clearance of the ‘used’ release site — which involves
the disassembly of the zippered-up SNARE complexes (consisting of the pro7
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teins SNAP-25, syntaxin-1 and synaptobrevin/VAMP, see box 1) by NSF and
its cofactors αSNAP and βSNAP, and endocytosis of the vesicular membrane and
protein components — enables the docking of new vesicles and thus increases the
speed of recovery [15, 52]. Finally, Ca2+ channel inactivation is also suggested
to contribute to STD [46, 47, 53, 54].
A

B

C

AP stimuli
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Postsynaptic
response
strength

...
Depression

Facilitation

PTP

Figure 1.2: Various modes of STP. (A) Synaptic depression during high-frequency
stimulation (HFS). (B) Paired-pulse facilitation (PPF). (C) Post-tetanic potentiation
(PTP) and its decay after HFS. The time course of decay of PTP has been found to
match that of the removal of residual Ca2+ [55, 56]. It is important to note that real
response patterns consist of a complex mixture of the different types of STP shown
here (see e.g. [46] or [57]).

Box 2: Methods for determining RRP size
Various methods are used for quantification of the RRP size, most of which
are based on depletion of the RRP [58].
Ca2+ uncaging
Flash photolysis of caged Ca2+ , which is induced by a brief pulse of UV
radiation, increases the Ca2+ concentration instantaneously and uniformly
[59–61]. Due to technical difficulties in most types of neurons, which prevent
proper loading via the patch pipette, Ca2+ uncaging is typically used only in
the more accessible chromaffin cell and the calyx of Held (however, see [61,
62]). Detection of exocytosis upon Ca2+ uncaging in chromaffin cells is often
done by both carbon fiber amperometry and measurements of the electrical
membrane capacitance, which relies on the increase in membrane area due
to incorporation of fused vesicles. In the Calyx of Held, the postsynaptic
current response to a presynaptic Ca2+ flash is directly recorded in the
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postsynapse in whole-cell voltage-clamp and deconvolved with an average
response elicited by the fusion of an individual vesicle (a miniature EPSC, or
mEPSC) to obtain vesicular release rates and hence the cumulative vesicle
release (fig. 1.3A) [63].
AP-train stimulation
A rapid train of APs — with stimulation frequencies typically in the range
20–100Hz — is often used to deplete the whole RRP. For sufficiently high
frequencies, the AP-evoked EPSCs will rapidly depress towards a steady
state, when the refill rate equals the rate of RRP-depletion (fig. 1.3B, top).
The amount of charge released during the train can be integrated and plotted against stimulus number or time to obtain the charge released per AP
(fig. 1.3B, bottom). Linear back-extrapolation from the data points in the
steady state region to the first stimulus yields the RRP size at the start of
the train, under the assumption of a constant rate of refill during the train
stimulation.
Like the Ca2+ uncaging method, train stimulation relies on the Ca2+ dependence of synaptic vesicle release. However, due to the longer time
span of stimulation (as opposed to Ca2+ uncaging), the Ca2+ -influx into
the synaptic terminal will trigger additional Ca2+ -dependent processes (at
various time scales), such as vesicle priming, in a non-linear manner. Furthermore, RRP size estimates were found to depend on the number of
AP-stimuli [64]. This apparent Ca2+ -dependence of the RRP size reflects
a Ca2+ -dependent increase in release probability and is presumably due
to heterogeneity in Ca2+ -sensitivity within the primed vesicle population
[64, 65].
Hypertonic stimulation
Prolonged superfusion with 0.5M hypertonic sucrose (HS) is mostly used in
autaptic neurons — single isolated neurons that form synapses onto themselves [66] — and low density cultures [67,68], and triggers a transient peak
EPSC, representing the depletion of the RRP, followed by a steady state
phase, which is caused by vesicle replenishment (fig. 1.3C).
Whereas the aforementioned depletion methods rely on Ca2+ -dependent
release, HS is Ca2+ -independent — its action is thought to be of a mechanical nature [68, 69]. APs were shown to trigger synaptic vesicle release by drawing on the same RRP as does HS [68]. Nevertheless, the
back-extrapolation method of AP-train induced cumulative release generally yields a smaller estimate than does HS application. However, both
were shown to be equal under conditions of elevated extracellular Ca2+
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and increased action potential duration [64]. Furthermore, [70] found no
difference in estimated RRP size between both stimulation methods. As
HS application has the benefit of excluding confounding Ca2+ -dependent
effects, many studies in autaptic neurons employ this depletion method.
Other methods for RRP size estimation
RRP-depletion can also be achieved by application of hyperkalemic solution. However, this method has the disadvantage that it depolarises the
neuron and thus induces voltage-dependent ionic currents that could mask
vesicle release [69, 71]. Other methods of RRP size estimation include the
variance-mean analysis method, which uses the statistical nature of synaptic transmission to determine the number of release sites (and thus the
maximal RRP size in case of 100% site occupancy) [72, 73], and a recently
developed method based on optical readouts [74, 75].

1.5

Mechanisms in short-term potentiation

Short-term synaptic potentiation (as opposed to STD) has been more elusive,
and occurs on a number of different time scales, subdivided into facilitation (tens
of milliseconds, fig. 1.2B), augmentation (seconds) and post-tetanic potentiation
(PTP, seconds to minutes). In some cases, the latter two components are hard
to distinguish and together referred to as PTP (fig. 1.2C) [46].
The local Ca2+ concentration [Ca2+ ]local at the sites of vesicle release is a
major factor governing the value of pvr . Due to the highly non-linear Ca2+ dependence of synchronous release, a small change in [Ca2+ ]local will have profound effects on the number of vesicles released, and thus on both QEPSC and pvr
(see equation 1.1) [76]. Synaptotagmin’s relatively low affinity for Ca2+ binding
requires high [Ca2+ ]local in order to have substantial amounts of neurotransmitter release (for a review, see [48]). Such values of [Ca2+ ]local are reached in very
short-lived and highly localised (nano- or micro)domains surrounding voltagedependent Ca2+ channels upon action potential stimulation, requiring vesicles
to be positioned very close to the Ca2+ source in order to have a high pvr [77].
Thus, the location of the vesicle and its associated Ca2+ sensor(s) with respect
to the Ca2+ channels is of importance for regulating release efficacy (fig. 1.4A).
During repetitive stimulation, the global Ca2+ concentration [Ca2+ ]global in
the synaptic terminal rises, leading to an increase in pvr — an effect initially
hypothesised by Katz and Miledi [78]. This facilitatory behaviour only holds for
synapses with a low initial pvr and is known to be dependent on the extracellular
concentration [Ca2+ ]ext [85]. [Ca2+ ]global has been proposed to cause facilitation
by binding to a(n as yet unidentified) high-affinity Ca2+ sensor with slow kinet10
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Figure 1.3: Methods for estimating the RRP size. (A) EPSC triggered by rapid
Ca2+ uncaging upon a UV-flash, consisting of a brief transient peak, followed by slower
release (top, black). The fast and slow component of the burst phase of the cumulative release together make up the RRP (bottom, grey). (B) Synaptic response to
high-frequency action potential-stimulation (40AP at 100Hz, top). To correct for refill
during the train stimulation, the RRP is estimated by back-extrapolating (dashed line)
the cumulative release (expressed in charge) to the time point of the first stimulus (bottom). (C) Synaptic response to application of 0.5M hypertonic sucrose for 7 seconds,
consisting of a transient current peak decaying exponentially back to a steady state
phase, which is due to ongoing priming. Integrating the EPSC and subtracting the
charge released due to this replenishment (grey area), which is assumed to be constant
during the response, gives the RRP size (remaining white area under the EPSC).

ics, so that the facilitation time course closely corresponds to and depends on the
changes in [Ca2+ ]global (fig. 1.4B) [79]. The time-evolution of [Ca2+ ]global and
the resulting effects on synaptic plasticity were shown to depend on a number of
factors, including the Ca2+ buffering capacities of the synapse and the activitydependent regulation of Ca2+ -influx (fig. 1.4C-D) [47, 80–83, 86]. A number
of C2-domain proteins have been associated with [Ca2+ ]global -dependent modulation of the final steps leading to vesicle release, including Synaptotagmin,
Munc13-1, protein kinase C (PKC) and double C2-like domain-containing protein (Doc2) (fig. 1.4E) [57].
Ca2+ is also known to modulate properties of presynaptic proteins that bind
to EF-hand Ca2+ -binding proteins such as calmodulin (CaM). For instance,
RRP recovery is upregulated via binding of Ca2+ -bound CaM to Munc13 [44].
Furthermore, Ca2+ increases the activity of a number of components of presynaptic signaling pathways, such as adenylyl cyclase (AC) and phospholipase
C (PLC) [57]. Ca2+ -induced activation of PLC initiates production of diacylglycerol (DAG) by cleaving phosphatidylinositol 4,5-bisphosphate (PIP2) in
the plasma membrane into inositol 1,4,5-triphosphate (IP3), which becomes cytosolic, and DAG, which remains membrane-bound. In many synapses, the
11
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Figure 1.4: Effects of vesicle positioning and elevated [Ca2+ ] on the vesicular release probability pvr . (A) pvr depends on [Ca2+ ]local (grey) detected by the Ca2+ sensor,
which is determined by the proximity of the vesicles to Ca2+ channels and the magnitude of Ca2+ -influx [75, 77]. In this example the left vesicle has the higher pvr . (B)
Build-up of [Ca2+ ]global presumably activates a high-affinity Ca2+ sensor (distinct from
Synaptotagmin) which temporarily increases pvr [47, 78, 79]. (C) Saturation of endogenous Ca2+ buffers prevents strong buffering of Ca2+ which increases [Ca2+ ]global and
thus pvr [46, 47, 75, 80, 81]. (D) Influx of Ca2+ ions is modulated via positive/negative
feedback onto the Ca2+ channels, resulting in changes in [Ca2+ ]global and thus in
pvr [47, 82, 83]. (E) Elevated levels of [Ca2+ ]global indirectly affect the vesicle release
machinery by increasing the activity of a number of components of presynaptic signaling pathways — e.g. via enhanced phospholipase C activity resulting in increased DAG
production — the results of which can affect other presynaptic proteins that modulate
the final steps leading to fusion — e.g. DAG-activation of protein kinase C [57, 84].

PLC/DAG-pathway has been found to be the most potent one in modulating synaptic vesicle release, with application of synthetic DAG-analogs leading to a 2–6-fold increase in evoked release and spontaneous release frequency
[65, 76, 87–89]. Changes in the amount of neurotransmitter contained in a single
synaptic vesicle (the quantal size), which could in principle also contribute to
STP, were not found to play a role during synaptic potentiation (for a review,
see [90]).
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Role of the energy barrier for synaptic vesicle fusion in STP

A less well-studied mechanism for STP is the modulation of the fusion energy
barrier for synaptic vesicle fusion. Mixing of lipid bilayers requires substantial
energy, which makes the probability of spontaneous fusion of ‘naked’ membranes
very low [91, 92]. For a fusion event to occur, the lipid bilayer of a synaptic
vesicle needs to closely approach the lipid bilayer of the plasma membrane, presumably for the proximal lipid monolayers to merge, followed by the formation
of a fusion stalk and eventually the opening of a fusion pore (fig. 1.5) [93, 94].
Hydration repulsion, hydrophobic attraction and Van der Waals forces — which
together induce local membrane deformation, dehydration of lipid head groups,
neutralisation of membrane charges and the formation of a fusion stalk — are
all processes that potentially contribute to the fusion energy barrier.

initial

FS

HFD

fusion

VM
PM

Figure 1.5: Pathway of membrane fusion. Schematic depiction of key intermediate
steps involved in the fusion of the vesicular membrane (VM) with the plasma membrane
(PM), adapted from [92]. After VM and PM have come into immediate contact, a
fusion stalk (FS) is formed by the proximal monolayers. Subsequently, a fusion pore is
formed either directly, or via the intermediate hemifusion diaphragm (HFD).

The composition of membranes plays a major role in setting the fusion energy barrier, and thereby the release probability, of synaptic vesicles [95]. For
instance, the presence of DAG in the plasma membrane is known to cause membrane bulging, which leads to rearrangements of the lipids within the plasma
membrane, causing a change in hydration repulsion [92, 96]. Theoretical and
experimental studies have produced a number of values for the height of the
fusion energy barrier, typically ranging between 40 and 50 RT [97–101], with R
the ideal gas constant in J/mol·K and T the absolute temperature in K.
During synaptic vesicle fusion, the energy needed to overcome the fusion energy barrier is thought to be supplied by the assembly (zippering up) of SNARE
complexes (see box 1) [29, 102, 103]. The formation of a single SNARE complex
has been estimated to yield 20–35 RT of free energy [104–106]. While this number is of the same order of magnitude as the fusion energy barrier, it is to be
13

Chapter 1

General introduction

expected that the SNARE-supplied energy cannot be used with 100% efficiency.
The energy contributions of SNAREs were estimated in vitro, while an actual
synapse is a crowded system, with many proteins intervening and influencing
e.g. the electrostatics via screening of charges [29]. Synaptotagmin, the Ca2+
sensor for fast release, is estimated to lower the energy barrier for formation of a
fusion stalk by about 20 RT upon Ca2+ activation [40], presumably by inserting
its C2 domain into the plasma membrane, whereby it induces local membrane
curvature in a Ca2+ -dependent manner [40, 107, 108].

1.6.1

Modulation of the fusion energy barrier during STP

Various studies suggest that activity-dependent modulation of the fusion energy
barrier is a major determinant of STP through its effect on pvr [55, 56, 87, 109].
In these studies the change in ‘release willingness’ (or ‘fusogenicity’) of vesicles
— an intuitive concept used to explain how well vesicles are released by a mild
Ca2+ -independent stimulus (e.g. 0.25M hypertonic sucrose) — is interpreted
as an inverse change of the fusion energy barrier [87, 109, 110]. For instance,
vesicles with a lower fusion energy barrier require less energy to be released,
which increases their release willingness.
Examples of intrinsic properties of the fusion machinery affecting release willingness include the number of assembled SNARE complexes associated with a
vesicle (fig. 1.6A), their respective degrees of assembly and phosphorylation of
members of the fusion machinery [52,75,111]. Presynaptic proteins that interact
with (parts of) the SNARE complexes during their assembly, such as Munc18-1,
Complexin and Munc13-1, could thus alter the probability for a vesicle to fuse
(fig. 1.6B). Phosphorylation of proteins involved in the vesicle release machinery, such as Munc18-1, RIM and Synaptotagmin-12, was recently found to be
involved in modulation of vesicle secretion [84, 113, 114]. An interesting case in
point is the PLC/DAG-pathway, where a combination of modifications to the
release machinery was found to be required for potentiating release probability.
While Munc13 directly binds DAG to its C1 domain, and Munc18 is phosphorylated by DAG- or Ca2+ -activated PKC, both of these routes were found to be
essential for potentiation of vesicle release [84]. Furthermore, modulation of the
fusion energy barrier has been found to be dependent on [Ca2+ ]global , but the
precise mode of action of Ca2+ , as well as the magnitude of such modulations,
remains elusive [55, 56] (fig. 1.6C).
The allosteric model for synchronous vesicle release by Lou et al. [76], which
defines the release willingness parameter as the release rate constant in zero
intracellular Ca2+ , mathematically captures the modulation of Ca2+ -dependent
release caused by a change in release willingness. The model implies that changes
in release willingness affect the apparent Ca2+ -sensitivity of vesicle fusion — illustrating once more the overlap between the different sources of STP. This idea
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Figure 1.6: Potential mechanisms for modulation of the fusion energy barrier height.
In each panel, the left vesicle has the lowest fusion energy barrier. (A) Number and
zippering state of SNARE complexes has been suggested to set the release willingness,
and hence the height of the fusion energy barrier of a vesicle [75]. According to the allosteric model for synchronous vesicle release, this affects the apparent Ca2+ -sensitivity
of vesicle fusion [76]. Such a change has indeed been observed in experiments on neurons with biochemically and genetically manipulated SNARE proteins [111, 112]. (B)
Modulations of the assembled SNARE complex by other molecules, such as DAG via
the C1 domain of Munc13-1 or Complexins, are known to affect the fusion energy barrier height [76, 87, 109, 110]. (C) Elevated levels of [Ca2+ ]global could affect the fusion
energy barrier height directly (solid arrow) via a Ca2+ sensor [55], and/or indirectly
(dashed arrow) via the target of some Ca2+ -dependent presynaptic signaling pathway
interacting with the fusion machinery [57, 84, 87].

was used to interpret the observed reduction in apparent Ca2+ -sensitivity upon
cleavage of the SNARE protein SNAP-25 by botulinum toxin A (BoNT/A) as a
reduction in release willingness, while an increase in apparent Ca2+ -sensitivity
upon application of PDBu, a synthetic DAG-analog, was modeled as an increased
release willingness [76,112]. Differences in kinetics observed during Ca2+ -evoked
release could thus be due to a combined effect of heterogeneity in release willingness and heterogeneity in response to the Ca2+ -stimulus (e.g. due to vesicle
positioning or Ca2+ sensor properties). Such differences in kinetics were observed
at the Calyx of Held, where application of prolonged depolarising stimuli was
found to trigger a phase of fast (or more willing) and slow (or more reluctant)
release, as well as in hippocampal autapses [49,64,115]. An attempt at modeling
this phenomenon was made by introducing heterogeneity in release willingness
of primed vesicles [116].
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Biophysical models for STP

Mathematical models are used to study the complex interplay of all mechanisms
summarised above and to explore the rich variety in forms of STP resulting
from this interplay. Ultimately, the goal is to build models that can predict
the effect of modifications at the protein level on synaptic signaling, which will
be highly instrumental in understanding brain disease and the development of
new drug targets. Models of STP and vesicle fusion can be roughly divided
into phenomenological ones (for a review, see [117]), describing key processes
involved in synaptic signalling at a low computational cost; biophysical ones,
which describe important components of the system in more detail (e.g. spatiotemporal Ca2+ -signaling, binding kinetics of Ca2+ sensors and buffers) and
are typically computationally more costly; and ‘realistic’ ones, which simulate
membrane fusion in molecular or atomic detail but are also the hardest to compute [33, 98, 118]. We will restrict ourselves to the second class of models, of
which an overview is given in table 1.1 [76, 80, 116, 119–135].
Not all listed models aim to be general models of STP — most of them have
tried to capture particular aspects of (synaptic) transmission for a particular assay system. It should also be noted that some of these models cover features not
included in the above-described set of sources responsible for STP, such as autoreceptors and postsynaptic effects [119–121,124], presynaptic protein cascades
[123] and the capability of describing multiple genotypes [119, 123, 124, 128, 135].
Furthermore, two models are capable of accounting for (aspects of) the stochastic nature of synaptic transmission [124, 135]. Stochasticity is a useful feature of
a model for STP, as it will yield predictions on the variability in RRP size and
pvr which can be tested experimentally [117]. Nearly all listed synaptic models
can account for facilitation, and depression is generally incorporated via depletion of the RRP (however, see [120], where postsynaptic receptor desensitisation
was included as an additional source of depression, and [130], where depression
is modeled via transient release site refractoriness).
Evidently, changes in RRP size and its activity-dependent replenishment are
well-studied in most assay systems, with most models employing an upstream depot pool for RRP-refill purposes, as well as a Ca2+ -dependent vesicle recruitment
parameter. While practically all models feature a description of Ca2+ -dependent
release, only half of them make use of an explicit description of the Ca2+ binding
kinetics to some vesicle release sensor(s) — some studies instead use a DodgeRahamimoff-like relation between Ca2+ and pvr [80, 119–121, 125, 127, 136]. Detailed modeling of the spatiotemporal Ca2+ concentration and its effect on heterogeneously positioned vesicles, if incorporated at all, is often restricted to a
limited number of locations: [121] and [125] calculate a single expression for the
Ca2+ concentration as a function of time, [Ca2+ ](t), and use this as input for two
different Hill equations describing synchronous and asynchronous release; [119]
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colour-coding which features are included in the model: fully present (green), partially incorporated (e.g. in a finite/discrete
number of cases; brown) or absent (red). Grey indicates that this feature does not pertain to chromaffin cells. Notes: (#) A
large part of the modeling approach in this study follows [127]; 1: As in [131]; 2: As in [134]; 3: As in [76]; 4: As in [133]; 5: As
in [132]; 6: Time-dependent Ca2+ concentrations at two fixed locations (resulting in two different time-dependent pvr -values);
7: Primed vesicles are placed at two fixed locations; 8: Synchronous and asynchronous pvr obey a different Hill equation; 9: As
in [125]; 10: Two pools with the same allosteric sensor as in [76], but both having a different release willingness rate constant.

Table 1.1: Overview of biophysical models for vesicle fusion. Rows indicate the assay system used. Columns indicate by
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and [127] calculate [Ca2+ ](t) at two distinct locations; and [122], [124], [126]
and [135] do calculate a full (3+1)-dimensional [Ca2+ ]-field, but only use this
information for a predefined set of (1–4) vesicle positions per simulation. Combined with the explicitly modeled Ca2+ sensor(s) or (instead) the Hill equation(s)
for the Ca2+ -dependence of the release probability, these studies provide a description of the effect positional heterogeneity has on vesicle release — but only
for a small and discrete number of vesicle positions. A logical next step in modeling the effects of positional heterogeneity (as such a small number of distinct
positions seems unrealistic) would be to distribute the primed vesicles in a more
continuous manner across the active zone.
The concept of release willingness, however, is only incorporated by a single
model [116], which employs the allosteric model for synchronous vesicle release
[76]. By assigning two different release willingness rate constants to two separate
primed pools of vesicles — which otherwise have the same Ca2+ sensor — this
study manages to describe the observed fast and slow kinetics in response to
Ca2+ uncaging. Given the continuous nature of the release probability and the
relation between pvr and release willingness, a discrete number of fixed release
willingness values appears unlikely. Rather, as with positional heterogeneity, a
(continuous) distribution of release willingness (or fusion energy barrier height)
values over all primed vesicles (possibly as a function of [Ca2+ ]) seems to be
required.
In summary, most current biophysical models for STP provide good mathematical descriptions for the role of activity-dependent changes in vesicle replenishment and RRP size and for certain effects of [Ca2+ ] and Ca2+ buffers on the
release triggering step (see table 1.1). However, combined modeling of both a
spatiotemporal [Ca2+ ]-field and heterogeneity in vesicle positioning so far has
been restricted to a small number of positions, where a continuum approach
appears to be more likely. Furthermore, model descriptions of modulation of
and heterogeneity in release willingness, as well as the role of the fusion energy
barrier in STP and its relation with release willingness, appear to be incomplete
and largely overlooked. The aim of this thesis is to investigate these aspects in
more detail and to include these in detailed models for STP.

1.8

Aim and outline

The general aim of this thesis is to study the role of the energy barrier for
synaptic vesicle fusion in the regulation of synaptic efficacy, using experimental
approaches and kinetic modeling, and to investigate the contribution of various
presynaptic proteins to this process. Additionally, we study the effect of positional heterogeneity of primed vesicles at the active zone on AP-induced release,
using a simple non-trivial vesicle distribution.
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In chapter 2, a novel method for fitting hypertonic sucrose-induced EPSCs
is used to show that certain presynaptic proteins influence release willingness
supralinearly, while changing the fusion energy barrier height additively. Additionally, a theoretical derivation of the phenomenological allosteric model of
Syt [76] is presented. Chapter 3 investigates the effect of Syt on the fusion
energy barrier. Surprisingly, a smaller RRP size and an increased energy barrier is found in Syt-deficient synapses. The findings from chapters 2 and 3 are
used in chapter 4 to construct a new model for Ca2+ -evoked release, capturing the Ca2+ -sensitivity of various Syt-mutants. In chapter 5, the effect of
high-frequency stimulation on release willingness and its correlation with pvr
during PTP is studied, in both WT and Syt-deficient neurons. We find that
both release willingness and pvr are increased after PTP, in a Syt-independent
manner. Chapter 6 addresses the issue of heterogeneity in vesicle positioning
using a vesicle distribution characterised by a vesicle-channel coupling parameter, which is constrained using experimental data. Finally, all findings are
discussed in chapter 7 and suggestions for future research are provided.
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