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Chapter 2

Fusion energy barrier and fusion rate

Abstract
The energy required to fuse synaptic vesicles with the plasma membrane (‘activation energy’) is considered a major determinant in synaptic efficacy. From
reaction rate theory we predict that a class of modulations exists, which utilize
linear modulation of the energy barrier for fusion to achieve supralinear effects on
the fusion rate. To test this prediction experimentally, we developed a method
to assess the number of releasable vesicles, rate constants for vesicle priming,
unpriming, and fusion, and the activation energy for fusion by fitting a vesicle
state model to synaptic responses induced by hypertonic solutions. We show that
ComplexinI/II deficiency or phorbol ester stimulation indeed affects responses
to hypertonic solution in a supralinear manner. An additive versus multiplicative relationship between activation energy and fusion rate provides a novel explanation for previously observed non-linear effects of genetic/pharmacological
perturbations on synaptic transmission and a novel interpretation of the cooperative nature of Ca2+ -dependent release.

2.1

Introduction

Regulation of synaptic efficacy is an essential aspect of information processing
in neuronal networks. The energy barrier for vesicle fusion is considered to be a
main contributing factor. To release neurotransmitters, synaptic vesicles (SVs)
need to fuse with the neuronal plasma membrane, which requires substantial
energy. Local membrane deformation, dehydration of lipid head groups, neutralization of opposite membrane charges, lipid splaying, and the creation of a
lipid stalk all contribute to the energy barrier that needs to be overcome before
neurotransmitters are released [91, 99–101]. Reaction rate theory suggests that
specifically modulation of the fusion energy barrier is a powerful way to regulate
synaptic efficacy. According to the Arrhenius equation, reaction rates change
exponentially with changes in the activation energy, which is the minimum energy required for a reaction (e.g. vesicle fusion) [137,138]. Thus, we predict that
a set of modulations of the release rate may exist, which act by lowering the
activation energy for fusion. If this is the case, they will have supralinear effect
on the fusion rates, and converting rates to energies (by inverting the Arrhenius
equation) should reveal additive effects on the fusion barrier. This is highly relevant since many presynaptic factors may act on the activation energy for fusion
simultaneously and potentially independently during synaptic stimulation.
Much of the energy required for SV fusion is likely provided by the SNARE
proteins synaptobrevin/VAMP, syntaxin, and SNAP-25, whose assembly into
a trimeric SNARE-complex drives the fusion reaction [91, 139]. However, several other proteins likely contribute to the efficient and fast reduction of the
22
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activation energy for SV fusion that is required for fast synaptic transmission.
During action potential (AP) stimulation, for example, SV fusion rates increase
by several orders of magnitude within a few milliseconds due to the rapid activation of Ca2+ sensors of the Synaptotagmin-family, which control SNAREmediated fusion [30, 37, 140–144]. Other proteins, such as Munc18 and Munc13,
might also support synaptic transmission by reducing the activation energy for
SV fusion, either through their established roles in SNARE complex assembly [84, 87, 109, 143, 144], or through independent actions.
Direct measurements of the exact contributions of different molecular events
inside living nerve terminals to the activation energy for SV fusion are not possible. However, the predicted supralinear modulation of release rates can be
measured experimentally. This can be interpreted as changes in the activation
energy under certain assumptions (e.g. a constant empirical prefactor A, see
below). SV release kinetics has been intensively studied using flash photolysis
of caged Ca2+ [37, 61, 76, 112, 116, 132, 133, 145]. However, synaptic responses
to Ca2+ elevation (either triggered by natural stimulations by APs or by Ca2+
uncaging) are caused by a rapid Synaptotagmin/Ca2+ -induced lowering of the
energy barrier for vesicle fusion. This mechanism might be modified by several factors that interact with Synaptotagmin. Therefore, to assess changes
in the energy barrier per se, caused by other factors, we must use a different,
Ca2+ -independent method to assess changes in release kinetics. In this regard,
hypertonic solutions have been used widely as they cause SV release from the
same readily releasable SV pool (RRP) as APs do, but by a Ca2+ -independent
stimulus [68, 69, 146]. Correspondingly, changes in the kinetics of synaptic responses to hypertonicity-induced SV fusion have been interpreted as changes in
the intrinsic ‘release willingness’ or ‘fusogenicity’ of SVs, which may represent
an inverse measure for the activation energy for SV fusion [84, 87].
Here, we introduce a method to quantify vesicle fusion rate constants and
RRP-pool size by fitting a kinetic model to synaptic responses triggered by
hypertonicity-induced SV fusion. Using this approach we show that independent osmotic, genetic and biochemical perturbations modulate SV release in a
multiplicative/supralinear manner. The fact that linear (additive) effects on
the energy barrier (activation energy) produce supralinear (multiplicative) effects on the release rate, helps to explain previously unexplained effects of genetic/pharmacological perturbations on synaptic transmission and provides a
novel interpretation of the previously identified cooperative nature of Ca2+ dependent release.
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Results
Supralinear modulation of synaptic transmission by
additive effects on the activation energy for vesicle
fusion

Fusion of the lipid bilayer of synaptic vesicles with the plasma membrane involves
deformation of membranes, dehydration of lipid head groups, neutralization of
opposite membrane charges, and lipid splaying [91, 99–101], which together requires substantial energy. Vesicle priming and fusion can be represented in terms
of an energy landscape, with energy barriers separating non-primed, primed and
fused states (fig. 2.1A) [91,128]. The Arrhenius equation predicts an exponential
relation between the rate constants of transitions between these states and the
activation energies for these reactions, which correspond to the relative heights
of these energy barriers (fig. 2.1B) [98, 137, 138]. Hence, for transition from the
primed to the fused state, the vesicle fusion rate constant is given by
Ea

k2 = Ae− RT

(2.1)

with T the absolute temperature, R the gas constant, and Ea the activation
energy for synaptic vesicle fusion (fig. 2.1A). Since the speed of the reaction
is determined by Ea and not by the absolute height of the energy barrier for
fusion, we use Ea in the rest of this paper to explain effects on release kinetics.
The prefactor A is an empirical prefactor that takes into account the probability
of collisions between reactants. For reactions in which the activation energy is
low, this factor can limit release rates (diffusion limited reactions). Since SV
fusion from the RRP proceeds from primed states where reactants are already
positioned in close proximity and since fusion involves high-energy intermediate
states, we assume that SV release rates are predominantly governed by the
activation energy and not by the number of collisions. Hence we assume that
changes in release rates most likely reflect changes in Ea with constant A. In
that case, if the activation energy for fusion at rest Ea,0 is reduced by an amount
∆E1 (fig. 2.1C), the corresponding new release rate constant is given by
k2,new = Ae−
= Ae−

Ea,0 −∆E1
RT
Ea,0
RT

e+

∆E1
RT

= k2,0 · m1
with m1 ≡ e+
24
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a multiplication factor and k2,0 ≡ Ae−

(2.2)
Ea,0
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for the Ca2+ -independent part of spontaneous release [147, 148]. Similarly, a
further reduction of the activation energy with an amount ∆E2 by a second (independent) process (fig. 2.1D) leads to multiplication of the fusion rate constant
∆E2
with an additional multiplication factor m2 ≡ e+ RT ,
k2,new = Ae−

Ea,0 −∆E1 −∆E2
RT

= k2,0 · m1 · m2

(2.3)

This generalizes to
Ea,0 −

k2,new = Ae

= k2,0 ·

N
P

i =1
RT

−
N
Y

mi

∆Ei

(2.4)

i =1

for N independent reductions ∆Ei (−∆Ei for enhancements) of the activation
∆Ei
energy with corresponding multiplication factors mi ≡ e+ RT . Equation 2.4
implies that additive effects on the activation energy for SV fusion result in multiplicative effects on the fusion rate (fig. 2.1E–F), which renders it a powerful
way to modulate synaptic strength. In comparison, additive effects on the number of readily releasable vesicles cause additive effects on the fusion rate. We
developed a method to quantify fusion rate constants from synaptic responses
to hypertonic stimulation and tested whether osmotic, genetic and biochemical
perturbations modulate synaptic vesicle fusion rate in a supralinear manner.

2.2.2

Minimal vesicle state model for synaptic vesicle release

Exposing neurons to hypertonic solution induces vesicle fusion selectively from
the readily releasable pool (primed state) [68]. This occurs by a mechanism that
is not mediated by Ca2+ , as hypertonic sucrose (HS)-induced excitatory postsynaptic currents (EPSCs) are not changed when intracellular Ca2+ is buffered by
BAPTA, or when Ca2+ -influx through voltage gated Ca2+ channels is blocked
by CdCl2 [68]. HS-induced EPSCs display concentration-dependent changes in
release kinetics, with higher degrees of hypertonicity leading to faster release,
causing a decrease in time-to-peak and an increase in peak release rate [87] (fig.
2.2A). We applied a minimal vesicle state model, similar to Weis et al. [129] (fig.
2.1B), and extended this with a time dependent description of the sucrose action
25
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Figure 2.1: Supralinear modulation of synaptic efficacy through additive effects on
the activation energy for fusion. (A) Schematic of the energy landscape for synaptic
vesicle priming and fusion, with Ea the activation energy for vesicle fusion, and (B)
the corresponding vesicle state model. (C) Reduction of the fusion activation energy
at rest Ea,0 by an amount ∆E1 , or (D) by a combined effect of ∆E1 and ∆E2 . (E)
Additive effect of ∆E2 causes a constant shift of the effective activation energy for
fusion ∆Ea for different values of ∆E1 , but a (F) multiplicative effect on the release
rate constant k2 .
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on the release rate constant (fig. 2.2B, see Materials and Methods for mathematical description) to describe these release kinetics at various HS concentrations.
Excitatory postsynaptic currents were simulated by modelling HS-induced SV
release rates and convolving them with a canonical miniature EPSC (see Materials and Methods). We found that — by varying only the maximal fusion
rate constant — our model reproduced all features in the experimental traces:
a decrease in time-to-peak, an increase in peak release rate and more release for
increasing sucrose concentrations (fig. 2.2B–C). Above a given stimulus strength
(0.5M HS in WT cells), the total amount of release remained constant, because
the complete RRP was depleted, but peaks became larger and narrower when
k2,max kept increasing. Latter features were also present in a reduced version of
the model that neglects vesicle replenishment, which could be solved analytically
(suppl. fig. 2.1). Hence, selective modulation of the fusion rate constant by HS
stimulation in a simple vesicle state model is sufficient to describe characteristic
features of synaptic responses to different levels of hypertonicity.
A

0.25M

0.50M

1nA

0.75M

1.0M

1s

B
2s-1

1s

C
1a.u.
1s

Figure 2.2: Modeling HS-induced EPSCs. (A) Concentration dependence of HSinduced release kinetics. (B) Model simulations of time courses of k2 , for different
values of k2,max and (C) corresponding synaptic responses (−k2 R).

27

Chapter 2

2.2.3

Fusion energy barrier and fusion rate

Assessing RRP size and release rate constants

Next, we set out to fit HS-induced responses with our vesicle state model to
assess synaptic release parameters including RRP, and rate constants for priming, unpriming and fusion. Cultured autaptic neurons between DIV13–18 were
challenged with hypertonic sucrose concentrations ranging from 0.25–1M using a
fast application system to establish a rapid transition from normal extracellular
solution to hypertonic solution. In addition, spontaneous release was measured
before cells were exposed to HS to quantify the release rate at 0M HS. The model
accurately fitted synaptic responses induced by RRP depleting concentrations
of 0.5M and higher, providing estimates for all model parameters [68, 87] (fig.
2.3A–C and suppl. fig. 2.4). For 0.5M we found a priming rate k1 D of 0.132 ±
0.031 nC/s, which corresponded to 0.10 pool-units/s given an average pool size
of 1.31 nC (see below) and was of the same order of magnitude as the 0.20 ±
0.03 pool-units/s at 25 C reported by Pyott et al. [149]. The unpriming rate
constant k-1 at 0.5M was 0.11 ± 0.01 s−1 , corresponding to a RRP recovery
time constant of 1/k−1 = 9.1 s (see eqn. 2.21, Materials and Methods), which
was of the same order of magnitude as recovery time constants reported in previous studies (10 s at 36 C [69], 2.9 s at 32 C [150], and 13 s (slow phase) at
25 C [149]. Priming and unpriming rates were not significantly different between
different concentrations suggesting that these processes are not affected by hypertonic stimulation (suppl. fig. 2.4). We used estimations of the priming and
unpriming parameters k1 D, and k-1 to calculate RRP size from the steady state
solution of the model given by equation 2.9, neglecting the value of k2 before
stimulation, which is three orders of magnitude smaller than k-1 (compare fig.
2.3C and suppl. fig. 2.4B). For stimulation with 0.5M this yielded a RRP of 1.31
± 0.23 nC, corresponding to 11.9 ± 2.4·103 (n = 12) vesicles, which was in the
same range as reported for wild-type autaptic neurons by other studies (15.9
± 2.9·103 [151], 2.5 ± 1.1·103 [152], 5.36 ± 0.87·103 [153], 24.7 ± 5.6·103 [154],
17.2 ± 3.0·103 [155], 6.35 ± 0.9·103 [156], 11.0 ± 1.2·103 [88]). RRP sizes were
similar for the RRP depleting concentrations of 0.5M and higher (fig. 2.3B).
Our fit method yielded a more accurate estimate of the RRP size compared to
quantification methods that use the charge transfer during the peak of the HS
response and need to correct for on-going vesicle replenishment, either by subtracting the steady state current at the end of the response as a baseline [87,144]
(suppl. fig. 2.5A), or by integrating the current to an arbitrary time-point after
the peak [89, 150, 156, 157] (suppl. fig. 2.5B). In addition, the rate constant for
vesicle replenishment k1 is one of the fitted model parameters, which allows the
reconstruction of vesicle recruitment during HS application (see Materials and
Methods and suppl. fig. 2.5C). We noticed that responses to 1M HS tended to
have lower noise levels (fig. 2.3A1), which might point to an effect of receptor
saturation and/or desensitization that was shown to be absent at 0.5M [149] but
might play a role at higher concentrations. We confirmed that kinetics of re-
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sponses to 0.5M were identical in the absence or presence of competitive AMPA
receptor antagonist kynurenic acid (KYN), but found faster kinetics of 0.75M
responses in the presence of KYN, suggesting that quantifications of model parameters obtained for concentrations higher than 0.5M should be interpreted
with caution (suppl. fig. 2.6).
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Figure 2.3: Probing the energy barrier for synaptic vesicle fusion. (A1) HS-induced
EPSCs (black) with model fits (red) superimposed. (A2) Spontaneous vesicle release at
0M HS. (B) RRP size obtained from model fits using equation 2.9. (C) Fitted maximal
release rate constants at different sucrose concentrations. (D) Changes in activation
energy (at 293K) obtained from values for k2,max in C using equation 2.5. Data for
0.25M and higher was fitted with a monoexponential function, which was transformed
into the dose-response curve in C using the equations given in the online supplemental
tables.

Maximal release rate constants k2,max were obtained from fits of responses to
0.25–1M HS. For non-depleting hypertonic stimulation (e.g. 0.25M), k2,max can
be overestimated due to an underestimate of the RRP. Therefore, we fitted such
current responses simultaneously with the response to a maximally depleting
stimulation (e.g. 0.5M) from the same cell, keeping all the model parameters
29
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the same between two stimulations, except k2,max , tdel and τ. The release rate
constant at 0M was obtained by dividing the frequency of spontaneous release
events (mEPSCs) by the number of vesicles in the RRP (calculated by dividing
the total RRP charge by the average mEPSC charge). However, this was probably an overestimation since the majority (>95%) of spontaneous release is Ca2+ dependent and intracellular Ca2+ was not buffered in these experiments [39,147].
Ca2+ -dependent mEPSCs are most likely triggered by rapid spontaneous Ca2+
fluctuations (SCFs) in the synaptic terminals, either caused by stochastic opening of voltage gated Ca2+ channels (VGCCs) (∼50%) [148, 158] or by release
from intracellular Ca2+ stores (∼50%) [159]. This suggests that the frequency
of these SCFs contributes with a constant (∼2–4 10−4 s−1 ) to the calculated release rate constant k2,max , which dominates at 0M HS but is negligible compared
to fusion rate constants induced with higher concentrations. In contrast to the
other fitted model parameters, k2,max was significantly different between different concentrations and showed a sigmoidal dependence on sucrose concentration
(fig. 2.3C). The values for k2,max at 0.75 and 1M might be underestimated due
to receptor saturation as discussed above (suppl. fig. 2.6).

2.2.4

Sucrose stimulation reflects a decrease in the activation energy for fusion

As we argued above, Ca2+ -triggered exocytosis belongs to a class of reactions
that are likely to be limited by activation energy, rather than by the frequency of
collisions between reactants. This follows from the preassembly of a fusion machinery during vesicle priming, and from the expected existence of high-energy
intermediates. During stimulation with hypertonic solution, drawing water from
the cell will increase the concentration of reactants. This might increase collision rates proportional with the increased concentration, but this is unlikely to
account for the 104 -fold increase in k2,max . Moreover, the (moderate) increase
in reactant concentration might be counteracted by molecular crowding effects
and increases in viscosity [160]. Consistent with this notion, we observed that
upstream steps in the exocytotic cascade, which are in fact more likely to be collision limited (such as vesicle docking and priming, reflected in the overall priming
rate k1 D), showed a tendency to decrease with high osmolarity (suppl. fig. 2.4),
indicating that molecular crowding/viscosity dominates the effect of increased
reactant concentration. Overall, we conclude that a HS challenge is most likely
to change fusion through a change of the activation energy for fusion (i.e. the
exponential factor in the Arrhenius equation), rather than the pre-exponential
factor A.
Changes in activation energy for fusion follow from changes in k2,max using
equation 2.1 and assuming A is constant,
30
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∆Ea = Ea,1 − Ea,2
= RT (ln(A) − ln(k2,max,1 )) − RT (ln(A) − ln(k2,max,2 ))
= RT (ln(k2,max,2 ) − ln(k2,max,1 ))

(2.5)

Figure 2.3D depicts the calculated changes in activation energies corresponding
to the changes in k2,max for different sucrose concentrations in figure 2.3C. We
find that the maximal reduction in the activation energy for fusion by 1M HS
is 9.3RT. This value is probably about 3RT too low since (as discussed above)
k2,max is overestimated at 0M (up to 20-fold), but not at higher sucrose concentrations. Expressed in units of kCal/mol the HS-induced change in activation
energy corresponds to 5.4 kCal/mol, which is comparable to the estimated reduction of 5.9 kCal/mol during action potential stimulation [140]. Hence, fusion
rate constants obtained from fitting HS-induced synaptic responses to a minimal vesicle state model can be used to calculate changes in activation energy for
fusion, which enables the study of this parameter under different experimental
conditions.

2.2.5

Relationship between release kinetics and RRP depletion

The extent of RRP depletion upon application of submaximal HS has been used
as a measure of ‘release willingness’ or ‘fusogenicity’ of vesicles, which is proposed to be inversely related to the energy barrier for fusion [87, 109, 110, 161].
To investigate whether changes in the activation energy for fusion can explain
changes in the depleted RRP fraction at submaximal HS, we analyzed the relation between release kinetics (k2,max ) and RRP depletion in the model and
compared this with experimental data. The depleted RRP fraction was defined
as the fraction of the RRP depleted by a submaximal HS stimulus relative to a
maximally depleting stimulus (0.5M HS). Simulations of HS stimuli applied for
7s, for different values of k2,max , yielded a linear relation for low values of k2,max
which levels off and saturates to 1 (complete depletion) at high k2,max . This relation transforms into a sigmoidal curve when k2,max is plotted on a log10 scale
(black line in Figure 4B) and can be approximated by an analytically derived
function (see Materials and Methods and suppl. fig. 2.9). The value for k2,max
that we experimentally find with a 0.5M stimulus predicts only a 94% depletion of the RRP implying that up to 6% more release is expected with higher
concentrations. However, in practice these slightly larger responses might be
difficult to detect because of receptor saturation and desensitization effects at
these concentrations. We experimentally confirmed the predicted relation with
31
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data points from submaximal 0.25M responses being distributed along the steep
phase of the curve (fig. 2.4A–B). As expected, 0.75 and 1M responses yielded
high values for k2,max and complete RRP depletion. These results show that a
change in k2,max only is sufficient to explain changes in the depleted RRP fraction: with slow release kinetics (low k2,max ), the RRP is not effectively depleted
because of ongoing refilling (priming), whereas from a certain k2,max -value onwards the amount of RRP depletion is maximal but depletion occurs with faster
kinetics. Hence, with this relation the extent of RRP depletion in response to
different sucrose concentrations can be used to discriminate between effects on
release kinetics and priming. Maximally depleting stimuli report the RRP while
changes in the depleted RRP fraction at submaximal (e.g. 0.25M) stimuli are
an indication of changes in k2,max , indicative of changes in the activation energy
for fusion.
(1)

1a.u.
1s

0.25M
0.50M
(2)

(3)

B
1.0
Depleted RRP fraction

A

(3)

0.6
(2)
0.2
0
-3

(1)

0.25M
0.50M
0.75M
1.0M
Model prediction

-1
log10(k2,max) (s-1)

1

Figure 2.4: Relation between depleted RRP fraction and release kinetics. (A) Examples of submaximal responses in different cells. 0.25M responses (black), scaled to
0.50M responses (grey) in the same cell, display faster kinetics when a larger fraction
of the RRP is depleted. (B) Fitted data overlayed on the predicted curve. Data points
corresponding to the examples in A are indicated. Data points for 0.50M, 0.75M and
1.0M are shown as mean ± SEM. Note that, whereas the model predicts a 94% depletion of the RRP with 0.50M, the y-axis value at 0.50M is 1 by definition, since the
RRP size at this concentration was used as a reference to calculate the depleted RRP
fraction.
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Modulation of the activation energy for fusion by
genetic and biochemical perturbations

Next, we investigated the additivity between osmotic and genetic or biochemical
perturbations on release kinetics and RRP depletion. We extracted data from
literature on genetic and/or biochemical perturbations with an effect on the release willingness of vesicles. Interestingly, changes in release willingness were
reported for proteins with distinct presynaptic functions, including the priming
factor Munc13, the tSNARE Syntaxin, the SNARE complex binding protein
Complexin, and the metabotropic GABAB receptor [87, 109, 110, 161]. We retrieved for different types of perturbations the reported depleted RRP fractions
and corresponding peak release rates, defined as the release rate at the peak of
the HS-induced response [87]. Plotting these data points in one graph showed
the same non-linear relation between release kinetics and RRP depletion for the
four different datasets (fig. 2.5). To compare this experimentally observed rela-

+PDBu

1M

0.5M

0.6

0.35M

0.25M

Depleted RRP fraction

1.0

M13-1 (Basu et al., 2007)
Stx-1 (Gerber et al., 2008)
Cpx-I/II/III (Xue et al., 2010)
GABAB (Rost et al., 2011)

0.2

Model prediction
0

0

2
Peak release rate (fraction of RRP/s)

4

Figure 2.5: Model predicts relation between peak release rate, defined as the release
rate at the peak of a HS-induced response, and depleted RRP fraction for different combinations of HS stimulations and genetic or biochemical manipulations of the activation
energy for fusion. Data is taken from [87, 109, 110, 161]. Model prediction is obtained
from peak release rates and depleted RRP fractions extracted from model simulations
where parameter k2,max is varied keeping other model parameters constant. Note that
beyond 0.5M the predicted curve and some data points overshoot the value of 1: this
is because 0.5M was used as a reference to calculate the depleted RRP fraction at
the other concentrations, assuming complete depletion at 0.5M, whereas the model
predicts only 94% depletion at this point.

33

Chapter 2

Fusion energy barrier and fusion rate

tion with our model prediction, we simulated HS responses for different values
of k2,max , keeping all other parameters constant, and calculated peak release
rates and corresponding depleted RRP fractions from the simulated traces in
the same way as was done for the experimental traces (suppl. fig. 2.5A). The
model prediction of the relation between release kinetics and RRP depletion was
in good accordance with the experimental data (fig. 2.5). Hence, this non-linear
dependence can be explained by changes in the release rate constant k2,max only.

2.2.7

Supralinear modulation of release kinetics by Phorbol esters and Complexins through additive effects
on the activation energy

Next, we tested whether these biochemical and genetic perturbations modulate
release kinetics in a supralinear manner, measuring release rate constants at different sucrose concentrations between 0 and 0.5M to avoid effects of receptor
saturation and desensitization. Phorbol ester is known to potentiate synaptic
release in a number of systems [65, 84, 87, 88, 162]. First, we recorded spontaneous release and responses to 0.2–0.5M hypertonic stimulations, before and
after PDBu application (1 M) (suppl. fig. 2.10, 2.11). We observed potentiation of the spontaneous release and submaximal (0.2–0.4M) responses as well
as faster kinetics for the 0.5M response, but no effect on RRP size or priming and unpriming rate constants (fig. 2.6A, suppl. fig. 2.12). When comparing
the effect of PDBu on release kinetics between different sucrose concentrations,
indeed a supralinear increase in k2,max was found, with the increase in k2,max
being three orders of magnitude larger at 0.5M than at 0M (fig. 2.6B). Next,
we calculated the activation energies from the changes in k2,max , using equation
2.5, which were reduced with a similar ∆Ea for all sucrose concentrations (fig.
2.6C). This multiplicative effect on release kinetics but additive effect in the
activation energy domain became more evident when absolute changes in these
variables were plotted, with an exponential increase in k2,max and a ∼−0.3RT
shift in the fusion activation energy for 0.2–0.5M HS (fig. 2.6D–E). The almost
twofold higher decrease at 0M was probably an overestimation because of the
increased sensitivity to spontaneous Ca2+ fluctuations after PDBu, which will
increase the contribution of k2,SCFs to k2,max , again dominating k2,max at 0M
but being negligible at higher concentrations.
Next, we reanalysed the raw responses to 0, 0.25 and 0.5M HS in ComplexinI/II deficient neurons and their controls from a study by Xue et al. [109].
Whereas responses to 0.5M did not differ in released RRP size, and priming
and unpriming were not affected (fig. 2.7A, suppl. fig. 2.13), a markedly reduced
fraction of the RRP was released by 0.25M stimuli in the null mutants, suggesting an increased activation energy for fusion in the absence of Complexins.
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Figure 2.6: Additive effect on the activation energy for fusion induced by PDBu
causes supralinear effect on release kinetics. (A) Current traces, (B) release rate constants k2,max , and (C) activation energies for fusion at different sucrose concentrations
in the absence and presence of PDBu. PDBu-induced changes in k2,max and ∆Ea , obtained by subtraction of the data curves in B and C before and after PDBu application,
show (D) an exponential increase in for increasing sucrose concentrations whereas (E)
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(see text)). Mean values of k2,max displayed are all within the 95% confidence interval
as determined by bootstrap analysis.
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Indeed, release kinetics were slowed down as predicted by the relation between
k2,max and depleted RRP fraction (fig. 2.7A, suppl. fig. 2.13D). This effect of
Complexin deletion on release kinetics was supralinear with an eightfold larger
reduction of k2,max at 0.5M than at 0.25M, whereas the corresponding activation
energies shifted with 0.4 and 0.8RT at these concentrations (fig. 2.7B–E). The
overall supralinearity is in line with an activating role of Complexin in exocytosis by a reduction of the activation energy for fusion (fig. 2.7B–C). However,
the reduction of the activation energy was less at 0M, and also seemed less at
0.5M than at 0.25M (fig. 2.7E), possibly indicating that Complexins exert several effects, for instance clamping a secondary Ca2+ sensor for spontaneous and
asynchronous release, rendering the synapse more sensitive to spontaneous Ca2+
fluctuations [148, 163]). Another possibility is that Complexin also affects the
frequency factor, e.g. because the absence of Complexin changes the cooperativity of exocytosis.

2.3

Discussion

We developed a vesicle state model that can accurately reproduce synaptic responses to varying degrees of hypertonicity, for both published data and new
experiments reported here. This model can be exploited to obtain accurate estimates of the RRP, priming, unpriming and fusion rate constants. It shows that
independent osmotic, biochemical and genetic perturbations produce supralinear modulatory effects on the fusion rate.

2.3.1

Kinetic analysis provides essential release parameters from a Ca2+ -independent stimulus

Exploiting the kinetic model presented here to assess essential release parameters like RRP size and fusion kinetics from HS-induced responses has advantages
over existing methods. Firstly, this model uses the steady state solution (eqn.
2.9) to calculate the RRP size. This circumvents the necessity to correct post
hoc for RRP replenishment during the stimulus as in other RRP estimation
methods [60, 64] (suppl. fig. 2.5A–B). Secondly, the relation between release kinetics and RRP depletion can be used to predict changes in k2,max from changes
in the depleted RRP fraction. This makes it possible to discriminate between
changes in the activation energy (indicated by changes in the depleted RRP
fraction tested with submaximal HS stimuli [109, 144]) and priming effects (indicated by changes in the response to maximally depleting HS stimuli). An
important consequence is that in situations where the activation energy is increased (e.g. by genetic deletion of a gene that reduces the energy barrier for
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fusion), 0.5M HS might not be enough to fully deplete the RRP. This could be
erroneously interpreted as a priming defect. Thirdly, our model also quantifies
priming and unpriming rate constants (k1 and k−1 ), which for instance allows
reconstruction of the time course of replenishment during HS stimulation at resting Ca2+ levels. Finally, all model parameters mentioned above are quantified
using a Ca2+ -independent stimulus, which to a large extent excludes differences
in Ca2+ signalling or Ca2+ -sensitivity as confounding factors.

2.3.2

The Arrhenius equation infers the activation energy
for synaptic vesicle fusion

Since activation energies cannot be directly measured in synapses, we used the
Arrhenius equation to infer these from HS-induced release rate constants. Four
arguments suggest that the effect of HS on synaptic release is primarily due to
a reduction in activation energy, and due to an increase in the number of collisions as a result of shrinkage (accounted for by the pre-exponential factor A
in the Arrhenius equation). First, exocytosis is expected to take place via a sequence of high-energy intermediates, together determining the activation energy
for fusion (see discussion below). Therefore modulation of the fusion activation
energy is a plausible efficient route to regulate vesicle fusion. Second, HS specifically releases primed vesicles [68], which are bound to the plasma membrane
with the fusion machinery preassembled. Thus, fusion is unlikely to be diffusion
limited. Third, rapid cell shrinking can have opposite effects on the number
of collisions, which are expected to affect priming/unpriming and fusion rates
similarly. It can either increase the collision frequency due to an increase in the
concentrations of reactants, or (given the already high protein concentrations in
synapses [164]) decrease collision frequency because of molecular crowding and
viscocity effects [160]. Since upstream docking/priming steps displayed a trend
towards a decrease upon higher HS application, molecular crowding seems to
offset any effect on reactant concentration and therefore the drastic increase in
fusion rate cannot be attributed to A via an increased collision rate. Finally,
the reduction in activation energy identified here (6.1RT for 0.25M) (fig. 2.3D)
is comparable to the reduction expected by HS stimulation (0.2M) of liposome
fusion on theoretical grounds (∼7RT [165]). Nevertheless, manipulations that
change the pre-exponential factor will also contribute to changes in the fusion
rate of vesicles in the presence of HS.
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Activation energy modulation is a powerful way to
regulate synaptic transmission

Many factors influence synaptic release probability, such as RRP size, modulation of Ca2+ and K+ channel properties, Ca2+ buffering/diffusion, and the
sensitivity of Ca2+ sensors [47, 48]. Changes in the activation energy are suggested to affect release probability by rendering vesicles more/less fusogenic
[84, 87, 109, 110]. This is a powerful way to regulate synaptic transmission because of its exponential effect on the fusion rate, whereas RRP size modulation
affects synaptic transmission in a proportional fashion [49, 88, 128, 166]. A wellstudied example is the facilitatory effect of diacylglycerol (DAG) analogues such
as phorbol esters on AP-induced release. DAG activates two interdependent
pathways: direct activation of Munc13 via its C1 domain and PKC-dependent
phosphorylation of Munc18. Together, these events reduce the energy barrier for
fusion, potentiate vesicular release probability after high frequency stimulation
and produce faster synaptic depression [56, 57,84,87, 88,167]. Other presynaptic
proteins may also contribute to activation energy reductions [109, 110, 143, 161].
This suggests that there are either multiple ways by which proteins can modulate the activation energy for fusion or that they all converge onto the same
process (e.g. SNARE formation/stabilization) controlling the activation energy.
Interestingly, a model of additive modulation of the activation energy implies
that molecules can exert their effect independently and do not necessarily need
to interact physically to produce complex supralinear effects on synaptic transmission.

2.3.4

Additive effects on the activation energy might explain Ca2+ cooperativity of synaptic vesicle release

Ca2+ controls vesicle fusion in a cooperative fashion [136]. This has been extensively studied in the calyx of Held showing that a 3 orders of magnitude
increase in Ca2+ gives rise to a 6 orders of magnitude increase in the vesicle
fusion rate [48, 76, 132]. This supralinear relationship can be well described by
a phenomenological model for ‘allosteric’ modulation of the presynaptic Ca2+
sensor [76], which captures the low cooperativity (<1) for triggering vesicle fusion at basal Ca2+ and high Ca2+ cooperativity (∼4) at Ca2+ concentrations
beyond 5 M (fig. 2.8A). However, we note that the exact same model follows
from equation 2.4 when assuming that the Ca2+ sensor reduces the activation
energy with an amount ∆ECa for each Ca2+ ion binding. In this model (as in the
previous model [76]) a vesicle can be in one of six different states depending on
how much Ca2+ ions are bound to the Ca2+ sensor associated with the vesicle.
From each state release will occur with a specific fusion rate constant
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k2,n = l+ fn

(2.6)
∆ECa

with l+ = k2,0 the basal fusion rate constant, f ≡ e+ RT a multiplication factor,
and n the number of Ca2+ ions bound to the Ca2+ sensor (fig. 2.8B). In line
with our findings here, the fusion promoting effect of PDBu, described in Lou et
al. by the increase of the spontaneous release rate constant l+ [76], corresponds
to a reduction ∆EPDBu of the activation energy, resulting in a new basal fusion
∆EPDBu
rate constant l+,new = l+ · e+ RT .
All together, this suggests that the Ca2+ sensor modulates fusion supralinearly through additive effects on the fusion activation energy. As a consequence,
other factors (such as PDBu) do not necessarily need to interact directly with
the sensor to modulate the Ca2+ -sensitivity of release, but can exert their effects
on the activation energy independently.

2.3.5

Multiple (independent) molecular events may underlie changes in the activation energy for fusion

Membrane fusion is a complex process assumed to proceed via a stalk intermediate, with many steps contributing to the activation energy for fusion [98, 99].
A state immediately preceding stalk formation may consist of ‘splayed’ lipids,
which have left their native leaflet, and form a high-energy intermediate [168].
Formation and zippering of the SNARE complex allows the membranes to approach closely [169], and might also induce or support lipid splaying directly
along the linker regions of syntaxin and synaptobrevin/VAMP [33]. Molecular changes in these proteins, changes in their number or stoichiometry and/or
association/dissociation of additional factors such as Complexins, Munc13 or
Munc18 may all lower the activation energy [42, 110, 170].
Whether or not SNARE complexes are already (partly) assembled at the
time when APs open Ca2+ channels is a matter of intense debate [139]. The
energy released during the formation of a SNARE complex has been estimated
to range between 20 and 35RT [29], which is 2 to 3 times higher than what we
find for 1M HS. However, in case SNARE complexes are partly preassembled,
only part of the estimated energy would become available for fusion when HS
would promote full assembly (see review [91]). Furthermore, the similar values
of HS-induced reduction in activation energy, identified here and in a theoretical
study of protein-free liposome fusion [165], indicate that the effect of hypertonicity might be on the lipids themselves, by helping to fill energetically expensive
‘voids’ that form during fusion [165]. If this is the case, several other molecules
might act in similar ways, including Ca2+ -bound Synaptotagmin and SNAREs,
and several accessory proteins that also interact directly with lipids [45, 171].
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fusion by the Ca2+ sensor. (A) Non-linear relation between Ca2+ and release rate in the calyx of Held as predicted by the
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The actions of a small number of accessory proteins like Complexin, Munc13,
CAPS and Munc18, and the proposed stoichiometry of SNARE complexes per
vesicle [32, 34, 35] provide all the necessary input for molecular dynamic models [169] to resolve the exact nature of the synaptic vesicle fusion process. Kinetic
analysis of HS-induced synaptic responses will be highly instrumental to test predictions from such models.
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