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Chapter 6 

 

General discussion 

 

1. Summary 

The aim of this thesis was to examine presynaptic mechanisms underlying modulation of synaptic 

strength and release kinetics. We first explored the impact of changing the energy requirements 

for fusion. Second we studied supralinear Ca2+-sensitivity in the context of an energy barrier 

model, and whether Ca2+-binding to Synaptotagmin-1 (Syt1), the main Ca2+-sensor for release, 

contributes to decreasing the fusion energy barrier. Third, we explored interplay between separate 

factors in reducing the energy barrier to collaboratively increase synaptic strength in a 

multiplicative way. Fourth, we examined the energy barrier dependent and independent 

contributions from the DAG and PKA pathways to potentiation of release. Finally, we investigated 

how Syt1’s release inhibitory function may contribute to maintaining high-frequency synchronous 

release, by controlling the activation of a second Ca2+-sensor. 

In chapter 2 we presented a vesicle state model capable of fitting hypertonic sucrose responses 

at different concentrations. This method yields estimates of the readily releasable pool (RRP), 

vesicle priming, unpriming, and fusion rate constants. Using the Arrhenius equation, changes in 

vesicle fusion rates can be represented as changes in the fusion energy barrier. We demonstrated 

that separate modulators of synaptic vesicle release act additively on the energy barrier, resulting 

in multiplicative effects on fusion rates. Furthermore, we hypothesized that such an energy barrier 

model for vesicle fusion could underlie the supralinear Ca2+-sensitivity of release, as described 

by the allosteric model for Ca2+-dependent release [1].  

In chapter 3, we explored this hypothesis experimentally and showed that Syt1 contributes to 

vesicle fusion by lowering the energy barrier with its Ca2+-binding C2A domain. We also showed 

that the release inhibitory function of Syt1 is independent of energy barrier modulation. Next, we 

presented an extension to the model with a second and slower sensor. Several factors may lower 

the energy barrier independently, yet produce multiplicative effects on release rates. Therefore, 

a dual sensor model not only adds a second asynchronous release pathway, but also potentiates 
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synchronous release when both sensors are activated simultaneously. We provided experimental 

support for such a scheme by showing that activation of the DAG-pathway, which potentiates 

synchronous release, lowers the energy barrier both in the presence and absence of Syt1, 

presumably by activation of a second sensor.  

In chapter 4, we further investigated the inhibitory function of Syt1 and its effects on the 

synchronicity of release. We showed that Syt1’s release inhibitory function is strongly temperature 

dependent. Furthermore, by suppressing asynchronous release, Syt1’s inhibitory function plays 

a decisive role in maintaining sufficient synchronously releasable vesicles to sustain high-

frequency synchronous release.  

Finally, in chapter 5 we explored potentiation of presynaptic release induced by the PKA-pathway. 

We found that activation of PKA preferentially boosts low release probability synapses, in part by 

lowering the fusion energy barrier. Furthermore, PKA-activation can restore large portions of 

synaptic transmission in priming deficient synapses. We presented evidence for the Thr138 

phosphorylation site in SNAP25 as a relevant target for PKA mediated potentiation, addressing a 

long standing question in the field.  

Overall, we conclude that modulation of the energy barrier is a relevant mechanism in 

synchronous release triggering, presynaptic short-term plasticity (STP). Energy barrier dependent 

and independent mechanisms may cooperate to dynamically control synaptic vesicle release, 

synaptic transmission and -plasticity. 

2. Modulation of synaptic strength by changing the energy barrier for 
fusion 

2.1 Supralinear modulation of vesicle release through additive effects on the fusion 
energy barrier 

Lipid membrane fusion intermediates may be described as transition states with individual energy 

barriers separating them [2–5]. However, given the speed with which vesicles move from contact 

to full collapse, the entire process may be accurately described by a single energy barrier, which 

may be estimated using the Arrhenius equation [5]. Illustrating vesicle fusion as a reaction moving 

through an energy landscape has been used in the past to explain the observed dynamics of 

vesicle release [6,7]. We expanded upon this idea by applying the Arrhenius equation to release 

rates from physiological synapses. Here vesicle fusion is mediated by the SNARE-complex, and 
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regulated by a myriad of presynaptic proteins. The effect of this on the energy barrier has thus far 

remained largely unexplored.  

The energy barrier may be secondary to the proper assembly and triggering of the fusion 

complexes. However, such a system would only provide linear modulation of vesicle fusion, as 

doubling the amount of fusion competent vesicles would at most double to number of fusion 

events. This is not in line with evidence, presented in chapter 2, that application of PDBu has 

supralinear effects on release (Ch. 2: Fig. 6), suggesting that this type of modulation operates via 

the fusion energy barrier. Furthermore, linear modulation of release is also not in line with 

observations of the Ca2+-sensitivity of release, which is highly non-linear due to activation of a fast 

Synaptotagmin alone [1,8–11]. In contrast, the implication of multiplicative modulation in the 

‘allosteric’ model [1] fits well with an energy barrier model (Ch. 3: Fig. 1). In addition, the 

identification of Syt7 as both a sensor for asynchronous release [12–16], and a sensor for short-

term facilitation [15–17], requires a multiplicative mechanism to reconcile both functions. 

Asynchronous release rates are too low to additively increase the synchronous release rates as 

observed during facilitation. Indeed, simulations suggest that the amount of membrane bound 

Syt1 and Syt7 need to be multiplied to account for facilitation [18], in line with the notion that Syt1 

and Syt7 jointly lower the energy barrier [15,18]. However, alternative, energy barrier independent, 

processes may also play a role in this. For instance, increased Ca2+-sensitivity of the release 

complex due to a different distribution of attached Ca2+-sensors. 

Illustrated in the proposed cooperation between Syt1 and Syt7 is a strong advantage of 

modulating the energy barrier for fusion: it allows combining effects from different release 

promoters without requiring direct molecular interaction. The multiplicative effects on release rates, 

from such combination, strongly expand the potential for modulating synaptic strength. It allows 

multiple sensors with different release kinetics, such as synchronous and asynchronous release, 

to coexist and influence each other to meaningfully impact signal transmission overall (See also 

Ch. 3: Fig. 1). Overall, energy barrier modulation in protein mediated membrane fusion is a 

plausible principle for supporting the dynamic range of vesicle release in neuronal communication. 

2.2 Mechanism for fusion energy barrier reductions by Syt1 

Previous studies have suggested that Ca2+-binding by Syt1 lowers the fusion energy barrier [18–

21]. In chapter 3 we provide experimental evidence for this (See Fig. 4). However, the molecular 

mechanism underlying this reduction remains unclear. Some models propose Syt1 promotes 

fusion through releasing a fusion clamp, either by displacing complexin [22], or by dissolving a 
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Syt1 oligomer blocking full SNARE assembly [23]. However, such models do not align with our 

finding that Syt1’s release inhibition is not due to an increase in the fusion energy barrier (Ch. 3). 

Another model is to attribute Syt1’s triggering of fusion to its association with negatively charged 

phospholipids, and insertion of hydrophobic residues in the plasma membrane [19,24]. Here 

electrostatic repulsion initially keeps the negatively charged Ca2+-binding loops away from the 

lipid membranes. However upon binding Ca2+ this switches to attraction, driving the association 

between the C2 domains and negative phospholipids [21]. Insertion of the C2 domain into the 

membrane may destabilize the lipid bilayer [19], thus decreasing the energy cost of lipid mixing 

between the vesicle and plasma membrane. Such a model aligns well with our findings of a 

decreased energy barrier in a Syt1 mutant with additional hydrophobic tryptophan residues in the 

C2 domains (Syt1 4W; Ch. 3: Fig. 4 Supp. 1). However, it does not explain a decreased energy 

barrier in the Syt1 D232N mutant (Ch. 3: Fig. 4), which has not been found to change Syt1’s 

membrane association [25,26].  

The Syt1 D232N mutation neutralizes a negatively charged residue in the C2A Ca2+-binding loop, 

more in line with a recently proposed general electrostatic barrier for vesicle fusion [20]. Positive 

charges in the release machinery are suggested to help reduce general electrostatic repulsion 

between the vesicle and plasma membrane. Syt1’s C2 domains may act as an electrostatic switch 

upon Ca2+-binding [20]. Our finding of a reduced energy barrier, when negative charge is reduced 

in Syt1’s C2A domain (Syt1 D232N; Ch. 3: Fig. 4), provides experimental evidence for this. 

However, we do not find evidence that in an unbound state, Syt1 increases the fusion energy 

barrier to clamp minis (Ch. 3: Fig. 2,3), as originally suggested [20].  

It is unclear how electrostatic repulsion may be reduced from increasing the hydrophobicity of the 

C2 domains, where we observe a similar energy barrier reduction as in Syt1 D232N (Ch. 3: Fig. 

4 Supp. 1). Further complicating the picture is a reduction of the effect from the gain of function 

Syt1 mutants on the energy barrier at higher HS concentrations. This appears to be specific to 

Syt1 as DAG and PKA-induced reductions in the energy barrier are consistent at different HS 

concentration (Ch. 2: Fig. 6; Ch. 5: Fig. 1). This may indicate an interaction between HS and Syt1-

mediated vesicle fusion. Possibly, both play a role in overcoming the repulsive hydration forces 

from interlamellar water [27] (See also discussion in Ch. 3). It is likely that several separate 

mechanism act in lowering the energy barrier when Syt1 binds Ca2+. Our findings indicate that 

these may include insertion of hydrophobic residues in the bilayers, reducing electrostatic 

repulsion, and reducing the hydration barrier. However, more mechanisms may be at play, such 

as membrane bridging [28], and aiding in membrane bending after initial stalk formation [29].  
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2.3 Mechanism for fusion energy barrier reductions by DAG and PKA pathways 

We present evidence in chapters 2 and 3 that implicates the DAG pathway, through application 

of PDBu, and through post-tetanic potentiation (PTP) induction, in energy barrier modulation. The 

DAG pathway affects a number of important proteins for vesicle fusion: Munc13, PKC, and via 

PKC, Munc18, and Syt1 [30–34] (Ch. 1: Fig. 5). Of these, Munc13 has previously been shown to 

lower the fusion energy barrier upon direct activation of its C1 domain by DAG and analogues, 

which is thought to disinhibit its MUN domain [35]. However, given that potentiation depends on 

both Munc13 and PKC activation [31], it is likely that cooperation between these proteins is 

required for the decrease in energy barrier upon activation of the DAG pathway. The disinhibited 

Munc13 MUN-domain, and the phosphorylated Munc18 may act interdependently to increase 

transition speed from the closed syntaxin-Munc18 complex to the open conformation [33,36]. 

More trans-SNARE complexes may be established per vesicle, increasing fusogenicity [37,38]. 

A similar mechanism may be at play in PKA-dependent potentiation. In chapter 5 we describe 

that the energy barrier is reduced upon PKA activation, that priming defects are compensated 

and that SNAP25 is a major substrate (Ch.5: Fig. 5)). The underlying mechanism for both the 

decrease in energy barrier and the compensation of priming defects, may be increased stability 

of SNARE-complexes after phosphorylation of the Thr138 site in SNAP25 (See also discussion 

Ch. 5). As a result, a decrease in de-priming would increase the number of vesicles available for 

fusion in priming deficient neurons [39]. In the presence of a normal RRP, an increased number 

of SNARE-complexes per vesicle may lower the energy barrier. 

In addition to mechanisms that reduce the energy barrier, such as the establishment of more 

SNARE complexes per vesicles, energy barrier independent mechanisms may also contribute to 

potentiation of release in these pathways. For instance, in the case of DAG-pathway activation, 

increasing the effective pool size of AP releasable vesicles may contribute [30,40–42] (though 

see discussion Ch. 3). In the case of PKA potentiation, the critical vesicle docking factor RIM, was 

found to be required for release modulation [43,44], though not through its phosphorylation by 

PKA [45]. However, modulation of the energy barrier appears to be a common mechanism for 

promoting vesicle fusion. Due to its supralinear nature, it is ideally suited, both for achieving fast 

increases in fusion rates, essential to synchronous release, and for achieving STP through 

additive contributions from different factors.  
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3. Overlap between priming effects and energy barrier modulation 

Priming of synaptic vesicles, when defined as the supply of vesicles to the readily releasable pool 

(RRP), may be considered an energy barrier independent manner for regulating synaptic strength. 

However, in comparison to liposome fusion without the involvement of proteins, the primed state 

likely represents a higher energy state, from which the remaining activation energy for fusion is 

decreased (Fig. 1A). Furthermore, increasing evidence suggests that synaptic vesicles undergo 

more than one priming step (transition), increasing their fusogenicity with every transition [7,46–

53]. Hence, categorizing primed vesicles within two or three strictly defined states may be an 

oversimplification. Additional post-priming steps may well involve a decrease in the energy barrier 

from the initial state in which fusion competence was achieved. Priming and energy barrier 

modulation are not necessarily mutually exclusive (Fig. 1B), leaving the freedom to add additional 

states, each with their own contribution to the energy barrier. 

This notion is in line with post-priming mechanisms induced by high-frequency stimulation. 

Conversion of slow releasing vesicles to fast releasing vesicles has been observed after train 

stimulation, where it decreases depression of vesicle release [50]. Furthermore, increasing the 

fraction of fast releasable, or ‘superprimed’, vesicles in the RRP has been proposed as a 

mechanism in producing PTP [49]. Considering that we found PTP is associated with a lower 

Figure 1. Energy barrier modulation in priming and release 

Representation of different changes to the fusion energy barrier from presynaptic mechanisms. (A) 

Priming represents a stable intermediate between unprimed and fused vesicles from which the 

activation energy to fusion is lower. (B) Post-priming steps may be considered as an additional 

intermediate that brings the activation energy for fusion down further. (C) Similarly, Ca2+-binding to Syt1 

may be represented as individual intermediates, each reducing the remaining activation energy. 
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fusion energy barrier state (See Ch. 3), stimulation induced changes in priming state may 

represent a decrease in the energy barrier.  

Further support for an overlap between the priming process and energy barrier reductions can be 

found in our observations after activation of the PKA-pathway (Ch. 5). Here we established that 

PKA-activation both reduces the energy barrier (Ch. 5: Fig. 1), and compensates for priming 

defects in neurons deficient for Munc13-1 (Ch. 5: Fig. 2) or CAPS-1/2 (Ch. 5: Fig. 3). Furthermore, 

in Munc13-1/2 double knockout neurons, where the primed vesicle pool is completely abolished  

[54], PKA-activation induces spontaneous fusion (Ch. 5: Fig. 4), confirming a positive role in 

vesicle supply. To unify both actions of PKA-activation, we proposed an increase in stable SNARE 

complexes due to SNAP25 phosphorylation, as a potential mechanism (see above). This would 

(partially) restore depleted pools in priming deficient synapses, and may also lower the energy 

barrier through larger numbers of SNARE complexes per vesicle. Hence, the same mechanism 

that increases the absolute number of releasable vesicles, may also decrease the energy barrier 

in vesicles that were already fusion competent. 

Not all post-priming steps may be construed as modulation of the energy barrier. One such 

example may be the priming step operated by Syt1 [55–57]. It has recently been shown that 

disruption of Syt1’s C2B poly-basic region abolishes Ca2+-independent translocation of tethered 

vesicles to the plasma membrane [58], causing a strong loss of action potential (AP) evoked 

synchronous release [58,59]. This finding has led to the proposal of a two state model for vesicle 

priming where vesicles transition from a loosely tethered state to a tightly bound state to release 

[52]. While the aim of this model is to explain asynchronous release (a result from the conversion 

time between loose and tight state), it is otherwise similar to the ’superpriming‘ paradigm. It is 

tempting to explain the loose and tight states in terms of high- and low-energy barriers respectively. 

However, we find with our hypertonic sucrose assay that, unlike PTP, the effect from Syt1’s poly-

basic region on AP evoked release does not correspond to a similar effect on the fusion energy 

barrier (Ch. 3: Fig. 8). Instead, this may indicate that translocation of tethered vesicles by Syt1 

increases the Ca2+-sensitivity of these vesicles independent of the energy barrier, possibly by 

positioning them closer to Ca2+-channels. This is also in line with previous findings that the poly-

basic region does not affect release triggered by Ca2+-uncaging [11], which elevates Ca2+ 

homogeneously throughout the presynaptic terminal. 

In conclusion, the widely used term “priming” most likely covers multiple processes in the synaptic 

vesicle cycle. The work presented in this thesis supports the conclusion that at least high-
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frequency stimulation, and PKA induced priming effects partially involve a decrease in the fusion 

energy barrier. An important implication of such a model is that priming and release triggering 

may be unified under a single mechanism. When a post-priming step decreases the remaining 

activation energy barrier for fusion, this would increase release rates, in line with observations of 

increased spontaneous release due to PTP [30,60,61]. This exact same principle may be applied 

to Ca2+-binding to Syt1, where each ion bound decreases the remaining activation energy barrier 

for fusion (Fig. 1C; Ch. 3: Fig. 4). Priming factors that lower the energy barrier, as for example 

Munc13 [35], may also aid release, not just by potentiating fusion, but also serving as a low rate 

trigger itself. However, it is clear that additional priming steps, independent from energy barrier 

modulation, may also significantly impact release. This includes increasing the number of 

available vesicles for fusion, as well as increasing the energy barrier independent Ca2+-sensitivity 

of synaptic vesicles (e.g. closer Ca2+-channel association). These mechanisms are not mutually 

exclusive, and it is likely that, during potentiation of release, they are combined with mechanisms 

that modulate the energy barrier to maximize the potential for modulating synaptic strength.  

4. Beyond triggering: Syt1’s contributions to synchronizing 
neurotransmission 

Modulation of synaptic vesicle release by Syt1 has been a central theme in the work presented 

here. While Syt1’s Ca2+-dependent triggering of synchronous release is it’s defining feature [62–

64], our findings are consistent with two additional functions controlling the magnitude of 

synchronous release. By translocating tethered vesicles to the plasma membrane, Syt1 controls 

the supply of synchronously releasable vesicles [55–58] (Ch. 4: Fig. 5). And during high-frequency 

stimulation, by inhibiting asynchronous fusion, Syt1 prevents depletion of the vesicle pool before 

the next AP can trigger synchronous fusion. Furthermore, Syt1’s inhibitory function might act on 

a second sensor, balancing its modulation of the energy barrier to allow potentiation of 

synchronous release, but not asynchronous release triggering. As such, Syt1 may also play a role 

in regulating STP. These functions, combined with Syt1’s supralinear Ca2+-sensitivity, cooperate 

to allow synchronous release triggering, both at low- and high-frequency activity. 

4.1 Translocation of vesicles supplies a synchronously releasable pool 

Ca2+ independent translocation of tethered vesicles to the plasma membrane has already been 

discussed in the previous section. In brief, this function is regulated by Syt1’s poly-basic region, 

and, upon disruption, strongly reduces the first evoked response, likely due to the vesicles being 

further removed from the Ca2+-channels. However, Ca2+-dependent translocation is also operated 
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by Syt1, and can compensate for the lack of Ca2+-independent translocation when the poly-basic 

region is disturbed [58] (Ch. 4: Fig. 5). During high-frequency stimulation, the synaptic terminal is 

flooded with Ca2+, promoting the translocation of tethered vesicles to the plasma membrane by 

Syt1. This probably increases the number of vesicles in close range to Ca2+-channels, allowing a 

larger number of them to be released synchronously with the next AP. Hence, vesicle 

translocation by Syt1 contributes to bringing vesicle to a primed state amenable to synchronous 

release. By supplying vesicle in a Ca2+-independent manner during low-frequency activity, and 

increasing the supply in a Ca2+-dependent manner during high-frequency activity, this function of 

Syt1 aids in maintaining a synchronous response.  

4.2 Inhibition of a second Ca2+-sensor preserves vesicles for synchronous release 

In addition to vesicle translocation, Syt1 also has a release inhibitory function. This function was 

first observed due to an increase in spontaneous release in the absence of Syt1 [65–67], but has 

also been found to suppress asynchronous release [11,12,68,69]. There are at least two ways in 

which this inhibition could be achieved: Syt1 could directly arrest the SNARE-complex [23,66], or 

Syt1 could prevent the action of a second Ca2+-sensor for slow release [10,11]. In chapter 3 we 

present evidence that when inhibition of spontaneous release is reduced due to removal of Syt1 

(Ch. 3: Fig. 2), or when it is disrupted through mutagenesis (Syt1 9Pro; Ch. 3: Fig. 3), there is no 

decrease in the fusion energy barrier. As arresting the SNARE-complex would likely increase the 

energy barrier for release, this option seems improbable. Instead, release inhibition by Syt1 likely 

acts by preventing release triggering from a second sensor that is sensitive to low concentration 

fluctuations in local Ca2+. This notion is also in line with our finding that increased asynchronous 

release, and competitive reduction of synchronous release, in Syt1 9Pro expressing synapses, is 

dependent on global Ca2+ (Ch. 4: Fig. 7).  

Syt1’s release inhibitory function also benefits the promotion of synchronous release. During high-

frequency activity, as global intracellular Ca2+ rises, asynchronous release becomes dominant 

under room temperature conditions, leading to a loss of synchronous signal transmission [70] (Ch. 

4: Fig. 1,2). However, at near-physiological levels (32°C), Syt1’s release inhibitory function more 

prominently suppresses asynchronous release, and synchronous release can be maintained for 

longer, at higher frequencies (Ch. 4: Fig. 1,2). This positive relationship between temperature and 

Syt1’s release inhibition is only observed for asynchronous release, and not for spontaneous 

release (Ch. 4: Fig. 2). Therefore, it is likely that increased temperature does not change the 

effectiveness of release inhibition overall, but rather increases the rate with which newly arriving 
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vesicles are brought in an inhibited state. During high-frequency activity, continued release is 

assumed to be highly dependent on supply of new vesicles [71]. Therefore, by preventing their 

release in an asynchronous fashion, Syt1’s release inhibitory function preserves newly recruited 

vesicles for synchronous release with the next AP (See Ch. 4: Fig. 9). This is in line with the 

observation that synchronous and asynchronous release compete for the same pool of vesicles 

[72,73]. The result is that during high-frequency activity, a more stable pool of vesicles for 

synchronous release is maintained, leading to higher amplitudes for longer. 

4.3 Syt1 regulates activation of a second sensor to optimize synchronous release 

The work presented in this thesis indicates that Syt1’s release inhibition acts by preventing 

activation of a second sensor. The molecular mechanism behind this interaction remains unclear. 

One possible locus for this interaction is the tripartite interface between Syt1’s C2B domain, 

Complexin, and the SNARE-complex (Ch. 1: Fig. 3). This interface has been implicated in the 

arrest of release observed after Ca2+-binding to Syt1’s C2B domain is blocked. Furthermore, the 

tripartite interface may also be used by other C2B domain containing proteins, including Syt7 [74]. 

As Syt7 has been identified as a sensor for asynchronous release [12–16], this locus is a likely 

target for Syt1’s release inhibitory function. Therefore, the mechanism behind release inhibition 

might be competition between Syt1 and Syt7 (and other, related proteins) for association at the 

tripartite interface. Given that increasing temperature provides an advantage for Syt1, it may be 

that the Syt1 C2B domain associates more stably with the tripartite interface, but binds at a slower 

rate.  

In addition to triggering asynchronous release, Syt7 is involved in short-term facilitation [15–17], 

which has been suggested to occur from combined energy barrier reductions by Syt1 and Syt7 

[18]. Suppression of Syt7 by Syt1 may affect not only asynchronous release, but also modulate 

short-term facilitation. By limiting the amount of Syt7 bound to SNAREs at the tripartite complex, 

its activation by global Ca2+ may not sufficiently reduce the energy barrier to trigger release 

substantially. Instead vesicles remain in a reduced energy barrier state, until peak Ca2+ coupled 

to the next AP activates Syt1. Energy barrier reductions by Syt1 and Syt7 add up and produce 

higher vesicle fusion rates than what could be achieved by activation of Syt1 alone. The facilitation 

produced in this manner may also aid in maintaining a stable synchronous amplitude during high-

frequency stimulation [15,75]. In conclusion, Syt1’s release inhibitory function may balance 

activation of Syt7, tuning its energy barrier reductions so that facilitation of synchronous release 

is optimal, while asynchronous release does not deplete the available vesicle pool. 
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4. 4 Mechanisms for maintaining synchronous release 

In summary, we present evidence in this thesis supporting three separate functions performed by 

Syt1 to ensure that vesicle fusion is triggered synchronously with the AP during both low- and 

high-frequency activity. At rest, or during low-frequency activity, when intraterminal Ca2+ is close 

to resting concentrations, Syt1’s Ca2+-independent translocation of tethered vesicles maintains a 

pool of synchronously releasable vesicles (Fig. 2A). Upon an AP, Ca2+ enters the presynapse and 

binds Syt1’s C2 domains. Hereby, electrostatic repulsion is reduced, and the C2 domains may be 

inserted in the membrane. This causes a rapid decrease in the fusion energy barrier leading to 

synchronous release (Fig. 2B). During high-frequency activity, continued synchronous fusion 

relies on newly recruited vesicles, due to RRP depletion. In this situation, Syt1’s Ca2+-dependent 

translocation of vesicles becomes an important factor in maintaining vesicles available for 

synchronous release (Fig. 2C). As repetitive Ca2+-influx causes global Ca2+ to be high at this point, 

newly recruited vesicles need to be clamped by Syt1 (Fig. 2D) to prevent asynchronous release 

(Fig. 2E). This also ensures that vesicles are preserved in a primed state, and remain available 

for synchronous fusion with the next AP (Fig. 2F). Additionally, release inhibition may balance 

activation of second release sensor. Allowing it to reduce the energy barrier sufficiently to increase 

the vesicular release probability for the synchronous response, but not so much that release 

desynchronizes. Overall, Syt1 controls the magnitude of synchronous release by (1) supplying 

synchronously releasable vesicles, (2) preventing depletion of vesicles due to asynchronous 

release, and (3) triggering synchronous release. Hence, Syt1 ensures AP timing is faithfully 

transmitted to the post-synaptic neuron, even under high-frequency activity.  

Syt1 does not act alone. In addition to Syt1’s release inhibition, formation of stable SNARE 

complexes and preventing de-priming are also essential for achieving a stable vesicle pool for 

synchronous release [39]. PKA may also play a role through phosphorylation of SNAP25 (see Ch. 

5). Furthermore, Syt1 mediated translocation of vesicles is not the only priming stage that may 

increase synchronization of release. Bringing vesicles in a ‘superprimed’, or lowered energy 

barrier state also increases release rates [49,76] (See also Ch.3). Potentiation of release itself 

may counteract depression during train stimulation, increasing the amplitude of synchronous 

release [15,75], possibly through regulation by Syt1’s release inhibitory function. Finally, several 

factors may combine through modulation of the energy barrier, including Syt1’s supralinear Ca2+-

sensitive release promotion. The resulting multiplicative effects on release rates provide a 

powerful regulatory mechanism of the size of the synchronous response, and may play an 

important role in maintaining synchronous release at high-frequencies.  
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Future directions 

In this work we have explored different mechanisms in the presynapse that modulate the energy 

barrier for fusing the vesicle lipid bilayer with the plasma membrane. However, most of our 

understanding regarding the energy cost of this process in the first place, is derived from highly 

reduced in vitro studies or molecular dynamics simulations. Generally, these only consider the 

lipid membranes themselves, without influence from proteins, which may present a fusion 

pathway that differs from protein mediated fusion [3,77]. Recent simulations of the fusion process 

mediated by SNAREs failed to observe pore formation in a 40nm vesicle. Instead the SNAREs 

moved radially away from each other forming a dead-end hemifused state [78]. Expanding the 

protein complex in such simulations, for instance by including recent insights in the SNARE-

Complexin-Synaptotagmin complex [74], might greatly improve the accuracy of the predicted 

fusion path. Identifying the key stages of protein mediated bilayer fusion would deepen our 

understanding of the essential actions performed by the release machinery, and would be 

instrumental in our comprehension of how synaptic strength may be altered in health or disease.  

Similarly, current models of the mechanistic action of Syt1 are still insufficient to understand the 

different ways in which it may induce fusion. At this point, even the natural conformation of Syt1 

associated with primed vesicles remains a matter of debate. The crystal structure model of the 

SNARE-Complexin-Synaptotagmin complex [74] (See also Ch.1: Fig. 3) is appealing, but is hard 

to combine with observations of ring-like Syt1 oligomers [23]. This also has important implications 

for the molecular steps after Ca2+-binding, that lead to lowering the energy barrier for vesicle 

fusion. Given the pervasiveness of Syt1’s involvement in arranging synchronous fusion, as 

presented in this thesis, it is undeniable that Syt1 significantly affects the dynamics of 

neurotransmission. Detailed understanding of its release triggering action may be key to 

Figure 2. Functions of Syt1 in mediating synchronous release 

Cartoon representation of the steps taken by Syt1 during low-frequency activity in the absence of global 

Ca2+ (A,B), and high-frequency activity in the presence of global Ca2+ (C-F). During low-frequency 

activity, vesicle translocation to the plasma membrane occurs in Ca2+-independent manner, requiring 

Syt1’s poly-basic region (A). Upon an AP, peak intracellular Ca2+ activates Syt1, triggering synchronous 

vesicle release (B). In contrast, during high-frequency activity, vesicle translocation is supplemented by 

a Ca2+-dependent Syt1 function, independent of the poly-basic region (C). Here Syt1’s release inhibitory 

function is required to prevent association of a second Ca2+-sensor (D), and triggering of asynchronous 

release due to high global Ca2+ (E). If vesicles are successfully translocated and not released 

asynchronously, Syt1 may trigger synchronous release with the next AP (F).  
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uncovering how synchronous release is modulated in the synapse, with important implications 

also for short-term plasticity. 

In addition to Syt1 and Syt7, influx of Ca2+ activates a wide array of proteins involved in vesicle 

release [79]. Therefore, a far more diverse set of proteins than only Syt1 and Syt7 likely acts in 

modulating vesicle release. Such wide-spread control may not be unique as both the DAG-

pathway, and the PKA-pathway target numerous proteins involved in different aspects of the 

fusion process [80]. This may be interpreted as redundancies that make the process more robust. 

However, in the DAG-pathway, activation of multiple proteins is essential for inducing potentiation 

of synaptic strength in cultured hippocampal neurons [31]. Activating multiple mechanisms, 

potentially in different aspects of the fusion process, may modulate vesicle release. However, 

cooperative action of different aspects of the release machinery still remains largely unexplored. 

In fact, while we present evidence for a dual sensor model of release and short-term plasticity in 

chapter 3, the identity of this sensor, in the context of DAG-dependent potentiation, is currently 

not known. A strong contender for this is Munc13, which is known to be essential for potentiation 

through the DAG-pathway [31,34,81]. Munc13 has been observed to lower the energy barrier [35], 

and contains several domains involved in short-term plasticity [34,82–84]. However, Munc13 has 

not been reported to trigger release directly, which would (at low rates) be expected from a second 

sensor (see also Ch. 3). Uncovering the identity of the sensors responsible for short-term plasticity 

and their energy barrier dependent and independent contributions to release would allow 

construction of a quantitative model of short-term plasticity. Such a model might be key to 

answering many of the open questions on short-term plasticity. In conclusion, as parallel energy 

barrier changes act together to increase release rates, probing energy barrier modulation by 

different proteins may provide key insight in this issue. 

Overall, the findings presented in this thesis highlight the importance of energy barrier modulation 

in short-term plasticity. Short-term plasticity is generally considered to be essential for achieving 

computation in neural networks, but how it does so still remains a largely unanswered question 

[18,85]. Large-scale models of neural networks have identified coordinated ensemble activity as 

a hallmark for cognition [86]. However, there is currently little knowledge of how short-term 

plasticity at the individual spike level impacts such models. Integration of short-term plasticity in 

neural network models may provide new insights into its computational capacity. Furthermore, 

such insights may well deepen our understanding of the mechanisms behind cognitive functions.
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