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Chapter 4

A dual-sensor model for synaptic vesicle release

Abstract
The tight regulation of synchronous Ca2+ -dependent vesicle release is well captured by the allosteric model developed by Lou et al. [76]. We previously proposed the Arrhenius equation to be the principle governing the release kinetics
in this model, based on the assumption that each Ca2+ ion binding to the synchronous release sensor Synaptotagmin (Syt) can independently decrease the
fusion energy barrier by the same amount [187]. In this study, we investigate
the properties of a dual-sensor model for both synchronous and asynchronous
vesicle release based on the same theoretical grounds. The model describes the
Ca2+ sensitivity of synaptic vesicle release for both WT and Syt KO neurons,
as well as Syt mutants that lack the Ca2+ -sensing or release clamping function,
as probed by Ca2+ flash experiments in the calyx of Held. Furthermore, we
conclude that Syt clamps the second sensor via a reduction of the Ca2+ affinity
of the latter, rather than by altered release kinetics of this sensor.

4.1

Introduction

Ca2+ -evoked synchronous neurotransmitter release at mammalian CNS synapses
is a tightly regulated process. This regulation is in part due to the molecular
release machinery being capable of rapidly transforming extremely short-lived
elevations in [Ca2+ ] into the fusion of a vesicle with the presynaptic plasma membrane [196]. Patch-clamp recordings at the calyx of Held, a giant glutamatergic
synapse in the auditory system, have resulted in good understanding of the
non-linear Ca2+ dependence with which the release machinery regulates phasic
release [76]. An allosteric model has been proposed to explain this Ca2+ dependence, assuming a 31.3-fold increase in release rate constant for each Ca2+ ion
binding to the Ca2+ sensor for synchronous release, Synaptotagmin (Syt) [76].
Furthermore, this model assumes Syt to bind at most 5 Ca2+ ions, resulting
in a maximal increase in release rate constant of 31.35 ≈ 3 · 107 [197]. These
assumptions result in a [Ca2+ ]-dependent Ca2+ cooperativity of vesicle fusion,
with the highest cooperativity (∼ 4) at moderately high [Ca2+ ] (2–8 M) and a
large dynamic range of release rates.
We previously proposed a new theoretical interpretation of this allosteric
model, based on the Arrhenius equation and the assumption that each Ca2+
ion binding to Syt can independently decrease the fusion energy barrier by the
same amount [187]. The aforementioned factor 31.3 can thus be interpreted
as a decrease in fusion energy barrier height by 3.4RT (ln(31.3) ≈ 3.4). In
literature, estimates of the fusion energy barrier of a resting neuron are in the
order of 40RT, which then supposedly can be lowered via Syts action by at
most 5 · 3.4RT = 17RT [98–101]. This value is fairly close to the estimated
decrease by 20RT, caused by Syt-1-induced Ca2+ -dependent buckling of the
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plasma membrane [40]. This approach provides a physically plausible mechanism
capable of speeding up vesicle release by 7 orders of magnitude during the APinduced Ca2+ transients, while admitting negligible amounts of release at rest
[37, 51].
Even though the allosteric model — which elegantly unifies spontaneous and
fast release (see [187]) — presents a solid framework for both the strong cooperativity of Ca2+ -dependent synchronous release as well as the phorbol esterinduced potentiation of release in WT neurons, it fails to explain the altered
Ca2+ sensitivity of release and the increased amounts of asynchronous and spontaneous release in the absence of Syt [37,133,198]. Sun and colleagues combined
a second Ca2+ sensor, having slower Ca2+ -binding kinetics, with the earlier ‘fivesite model’ for Syt [132] to account for these observations [133]. However, this
model is only phenomenological and lacks any biophysical underpinning. Walter and colleagues developed a sequential pool model to describe large dense
core vesicle release from WT and Syt KO chromaffin cells, with a slow Ca2+ dependent maturation step of vesicles from an upstream non-releasable pool
(NRP) to the readily releasable pool (RRP) [128]. This model elegantly explains
the slow release component from the slow conversion of vesicles from NRP to
RRP, but it assumes that Syt act as a clamp on vesicle fusion itself, which is
not in line with an unchanged energy barrier for vesicle fusion in the Syt KO
(chapter 3). As an alternative to single or sequential pools, some models include
parallel pools (parallel ‘slow’ and ‘fast’ pools), each equipped with a specific
Ca2+ sensor for release [116, 134]. Some of these approaches model the different
release modes, including spontaneous release, as occurring via separate pathways, each with their own characteristic time course (see e.g. [133, 135]), while
another uses the allosteric model to simultaneously capture both spontaneous
and synchronous release [116]. However, none of these models provide an adequate biophysical description of the situation both in the presence and absence
of Syt.
Motivated by the allosteric model and the Arrhenius equation, we here propose an alternative model, in which a fast sensor and a slow sensor, independently
of one another, can lower the energy barrier in an additive manner, thereby amplifying each other’s effect on the vesicle fusion rate.

4.2
4.2.1

Results
Additive effects on the energy barrier for vesicle fusion by biochemical manipulations or hypertonic sucrose affect the Ca2+ sensitivity of release

In [187], we showed that the exponential dependency of the reaction rate constant on the fusion energy barrier height (i.e. the Arrhenius equation) could
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provide an explanation for the large dynamic range observed in Ca2+ -dependent
synchronous vesicle release rates. As a consequence, independent additive effects
on the fusion energy barrier by biochemical manipulations such as PDBu [76,87],
baclofen [161] or application of hypertonic sucrose [68, 87, 187] are predicted to
affect the Ca2+ sensitivity of release through their multiplicative effect on the
release rate constant. Indeed, in the allosteric model, the action of PDBu was
incorporated as an increase in basal release rate constant l+ by a constant factor [76], which corresponds to a decrease in fusion energy barrier height by a
fixed amount ∆EPDBu (see also [187]):
(n)

krelease = l+ · e+

∆EPDBu
RT

≡ l+,new · e+

· e+

n·∆ECa
RT

n·∆ECa
RT

≡ l+,new · fn (0 ≤ n ≤ 5)

(4.1)

with n the number of Ca2+ ions bound to Syt, and ∆ECa the energy barrier
reduction per Ca2+ ion bound. Furthermore, a sucrose concentration-dependent
facilitation in AP-evoked release has been observed [68], pointing towards a concerted action of sucrose and Ca2+ on the fusion energy barrier. In general, if
different agents affect the fusion energy barrier independently of one another,
the release rate constant will be affected by exponential factors as in equation
4.1, with each of these factors being concentration-dependent and acting with
different kinetics on the fusion energy barrier.

4.2.2

A dual-Ca2+ sensor model for synaptic vesicle release

Ca2+ -dependent release of neurotransmitter is known to occur in a fast (synchronous) and a slow (asynchronous) mode [199, 200]. Several studies suggest that in most synapses at least two types of Ca2+ sensors are present
[37, 133, 177, 200]. Here we investigate the possibility that these sensors, when
activated by Ca2+ , have an (independent) additive effect on the fusion barrier,
resulting in a concerted supralinear action on the fusion rate, as previously described for other factors that modulate the fusion barrier [187].
We propose an extension of the allosteric model by including an extra reduction ∆ECa,slow of the fusion energy barrier and a concomitant exponential
increase in the release rate constant krelease for each Ca2+ ion binding to the
slow sensor. Slow release in the Syt KO has been found to occur with a Ca2+
cooperativity of 2 [133] (however, a near-linear Ca2+ dependence of slow release
has also been reported [37] — a difference which might be attributed to the age
of the mice used [198]) — therefore, we assume two Ca2+ binding sites for the
slow sensor. The second sensor will modulate the release rate constant with a
slower time course than the fast sensor, thus amounting to slow release. In the
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most simple configuration where a vesicle has one fast and one slow sensor, the
release rate constant can easily be derived for all possible vesicle states being
defined by the number of Ca2+ ions bound to the slow (m) and fast (n) sensor:
(m,n)

krelease = l+ · e+

n·∆ECa,fast
RT

· e+

m·∆ECa,slow
RT

≡ l+ · fn · gm (0 ≤ m ≤ 2; 0 ≤ n ≤ 5)

(4.2)

with ∆ECa,fast the energy reduction by the fast sensor per Ca2+ ion bound.
An additional level of complexity, such as having a heterogeneous distribution
of the number of SNARE complexes per primed vesicle, could be implemented
in an analogous manner (using the Arrhenius equation; see appendix). The
simultaneous action of a fast and a slow sensor on the same vesicle and their
influence on the release rate constant is visualised in figure 4.1A.
We included a priming step to describe the replenishment of releasable vesicles during stimulation (fig. 4.1B). To allow for coexistence of slow and fast
vesicles and to account for the shift of synchronous to asynchronous release, a
phenomenon sometimes observed during intense stimulations [125, 177, 201], we
postulate a ‘clamping-and-synchronising’ step, in which engaging of the fast sensor renders the vesicle available for synchronous release and ‘clamps’ the slow
sensor that is already operational immediately after priming. The priming rate
for new vesicles to replenish the RRP is modeled to depend on the fraction of
the RRP being empty:
P

P
RRPmax −
i Si +
j,k Fj,k
kpr = k1 ·
(4.3)
RRPmax
with k1 a maximal priming rate, RRPmax the maximal RRP size (e.g. the total
number of release sites), Si the states with the unclamped asynchronous sensor,
and Fj,k the sensor states once Syt has associated with the release machinery.
The clamp-and-synchronise rate constant depends linearly on the global Ca2+
concentration (following [131]):
kcs = kcs,0 + kcs,Ca · [Ca2+ ]global

(4.4)

with kcs,0 the basal clamp-and-synchronise rate constant and kcs,Ca determining
its Ca2+ -dependent part.
The slow state features only the slow sensor (3 states), whereas the fast state
is determined by the presence of Syt, which clamps the (still-present) slow sensor (18 states, as shown in fig. 4.1A): the association of Syt with the release
machinery negatively affects the amounts of slow and spontaneous release (i.e.
suppresses peak release rate at low [Ca2+ ]). The release clamping aspect was
modeled by changing the Ca2+ association and dissociation rates of the slow
85
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sensor in the presence of Syt, analogous to the approach in [135] (reducing the
size of ∆ECa,slow as a clamping mechanism (so that the slow sensor would be
less efficient at triggering release) did not result in good fits (data not shown)).

4.2.3

Fitting the Ca2+ dependence of release for different
Syt mutants

We set out to use our dual-sensor model to fit the (changed) Ca2+ sensitivity of
release under conditions when Syt is genetically perturbed [37, 135] (fig. 4.1C–E
and fig. 4.2). First, we used Ca2+ flash data from the calyx of Held (extracted
from [135]) including the fast and slow time constants of release, the peak release
rate and the release delay (defined as time to release 5 vesicles in [135]) for WT;
and the (single) time constant of release, the peak release rate and the release
delay for Syt-2 KO. The total release rate was fitted by summing the contribution
of each of the 18 fast states shown in figure 4.1A with the contribution of the 3
slow states (see appendix). In order to constrain the properties of the slow sensor
(the factor g and the unclamped Ca2+ (un)binding rates kon,a and koff,a ), we used
Syt-2 KO data. The other model parameters were constrained by simultaneously
fitting the WT data.
All Ca2+ flash data could be explained fairly well by a single set of parameters
(fig. 4.1C–E; for all parameter values and model equations, see the appendix).
However, note that the mEPSC frequency (at ∼50nM) in Syt-2 KO neurons —
which is typically increased (see chapter 3) — is incorrectly predicted, due to the
absence of Syt-2 KO data points at low [Ca2+ ] in [135]. The low-[Ca2+ ] regime
interval was probed in [37] (and in [133]) — nevertheless, we chose not to combine
different data sets because of discrepancies (in Syt-2 KO Ca2+ cooperativity and
WT peak release rates).
A remarkable but implicit finding in the study of Babai and colleagues [135]
is that the slow component of release in the WT case is a factor 10 faster than
the release in Syt KO neurons. The slow release phase in WT neurons can
therefore not be purely explained by the release kinetics of a secondary sensor,
which emerge in the absence of Syt. Instead, it appears likely that Syt and the
asynchronous sensor cooperate in a complex manner to produce the slow release
phase in WT neurons.
Indeed, our model could fit the time constants for release in WT (fast and
slow) and Syt KO neurons (fig. 4.1E) with the same parameter settings for
the slow sensor in both conditions (but its effectiveness being affected by Syt’s
clamping action in WT). In the WT situation, the time constant of the fast
release phase shows a strong Ca2+ dependency, while this is reduced for the
slow phase, and even less pronounced in Syt KO neurons (fig. 4.1E). Further
examination of the simulations show that whereas (slow) release in the absence
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Figure 4.1: Dual-sensor model with multiplicative effects on the release rate constant.
(A) The sensors for slow (peach) and fast (blue) release can, in theory, independently
act on the same (set of) vesicle(s). Assuming an additive effect ∆ECa,slow and ∆ECa,fast
on the fusion energy barrier (peach and blue lines in energy barrier diagrams) upon the
binding of a Ca2+ ion (black dots) to the slow sensor or to Syt leads to multiplicative
effects in the release rate constant domain. The release rate constant krelease is increased
by a factor g due to the slow sensor and by a factor f due to Syt. This implies a maximal
speedup by a factor f5 g2 . The representation of both sensors was modified from [198].
(B) The RRP is made up of vesicles in a ‘slow’ release state S, featuring only the
asynchronous sensor, and a ‘fast’ release state F, where Syt has associated with the
release machinery. Newly primed vesicles enter the state S from an upstream depot
state D (considered to be infinite in this chapter) via a priming reaction with rate
constant kpr . Clamping of the slow sensor occurs when these vesicles are clamped and
synchronised (i.e. associate with Syt) with rate constant kcs . Indices m and n indicate
the number of Ca2+ ions bound to the slow and fast sensor, respectively. Fits to Ca2+
flash data in WT (black) and Syt KO (red) neurons from [135]: (C) peak release rate,
(D) release delay, and (E) time constant of release for WT-slow, WT-fast and Syt KO.
Solid lines represent the best model fit to WT (black) and Syt KO (red) data.
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of Syt is entirely governed by the kinetics of the slow sensor, in the WT both
the slow and fast release phase are controlled by the (interplay of the) fast and
slow sensor. In fact, it is impossible to assign each sensor state (fig. 4.1A–B)
to one type of release, although during the slow release phase, a larger fraction
of the total release comes from states in which the asynchronous sensor is more
activated.

Peak release rate (ves/ms)

10000
WT
KO
D3
3K

100

1
mEPSC freq.

0.01

0.0001

0.01

0.1

1
[Ca2+] (µM)

10

Figure 4.2: Fitting the dual sensor model to WT, Syt-2 KO and Syt-2 D3 mutant
data from [37] allows for the simultaneous description of WT and Syt-2 mutants. A
single set of parameters, resulting from a fit to WT (black), Syt-2 KO (red) and Syt-2
D3 mutant (blue) peak release rate data, is capable of describing, in addition, the 3K
mutant (green) from [37]. The grey arrow indicates the mEPSC frequency, which is
typically quantified at [Ca2+ ] ≈ 50nM.

Next, we set out to test to what extent the model could fit Syt mutants that
were specifically impaired in the clamping (3K mutant) or Ca2+ sensing function
(D3 mutant) [37]. First, we fitted WT and Syt-2 KO data in a similar way as
we did for the Babai dataset. Then, we used the resulting set of parameters to
describe these Syt mutants (fig. 4.2). The 3K mutant was simulated as behaving
like WT, except that the forward and backward Ca2+ binding rates of the slow
sensor are as in the KO situation (i.e. no clamping). The D3 mutant was modeled
by assuming Syt-2 to be unable to bind Ca2+ ions, while still clamping the slow
sensor. All genotypes are adequately described over a large range of [Ca2+ ]
and the mEPSC frequency (at ∼50nM; fig. 4.2, grey arrow) now follows the
same trend as in [37]: it is highest in Syt-2 KO neurons, slightly lower in the
3K mutant and lowest (and indistinguishable) in WT and D3 mutant neurons.
In summary, we showed our model to be capable of capturing multiple aspects
of Ca2+ flash-induced release, including peak release rate (fig. 4.1C, fig. 4.2),
release delay (fig. 4.1D) and time constants of release (fig. 4.1E) for WT and
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Syt mutants. A single data set featuring all these aspects over a large range of
[Ca2+ ] would be required for a simultaneous description with one set of model
parameters.

4.3

Discussion

Modeling changes in release rate constant via additive effects on the fusion energy
barrier forms a conceptually simple, yet powerful framework, which provides a
novel interesting way to understand and (potentially) describe a range of releasemodulating stimuli that might play a role during short-term plasticity (STP).
This approach provides a straightforward way of unifying spontaneous release
and synchronous release (which were initially combined by the phenomenological allosteric model) with PDBu stimulation and hypertonic sucrose application
(eqn. 4.1). In addition, it conveniently allows for the implementation of a second
sensor for asynchronous release in this scheme, assuming it to act independently
of Syt on the same fusion energy barrier and the same primed vesicle pool. This
not only enabled us to describe the release kinetics of both WT and various Syt
mutant neurons (fig. 4.1C–E and fig. 4.2), but also to understand the release by
WT neurons as a complex interplay between different Ca2+ sensors (fig. 4.1E,
see below).

4.3.1

The potential of additive effects on the fusion energy
barrier during short-term plasticity

The concept of additive effects on the fusion energy barrier outlined above is
in theory easily applicable to changes in synaptic efficacy during STP. As each
‘STP-source’ can (in principle) independently, and with distinct kinetics, affect
the fusion energy barrier, a small number of molecules could be causing a wealth
of different types of STP. In our setup, the secondary sensor could, depending
on its Ca2+ binding properties, contribute to potentiation of release by being
(mildly) activated due to the build-up of residual Ca2+ . In addition, the action
of other presynaptic proteins which are known to interact with the release machinery, such as Munc13 — which has been proposed to act as a ‘computational
unit for synaptic transmission’ [45], due to its binding DAG or PDBu to its C1
domain, Ca2+ to its C2B domain and CaM to its CaM-binding domain — could
play a role [45, 55, 56, 87]. This approach spawns a potentially large number of
release rate modulations:
krelease,STP ∝ e+

∆ECa,slow
RT

· e+

∆EMunc13,DAG/PDBu
RT

· e+

∆EMunc13,Ca
RT

· ...

(4.5)
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Each of these STP-sources has its own kinetics and magnitude. We previously
estimated the magnitude of the PDBu-term to be -0.3RT [187], corresponding
to a 35% potentiation of the release rate constant. The secondary sensor could,
according to our fits (fig. 4.1C–E) and assuming it plays a role during STP,
contribute ln(100.6) ≈ 4.6RT per Ca2+ ion bound. Modulation of the fusion
energy barrier during STP is known to depend on residual Ca2+ [55, 56], but its
contribution remains to be quantitatively investigated (see chapter 5).

4.3.2

The origin of slow and fast release modes triggered
by Ca2+ uncaging

The origin of slow and fast release has been the subject of much debate. Whereas
there seems to be consensus that the position of vesicles with respect to Ca2+
channels is a major determinant for AP-induced release, this is not the case
for other proposed determinants such as different Ca2+ sensors for slow and
fast release. This is partly because of disagreement on whether fast and slow
release are still observed in responses to presynaptic homogeneous Ca2+ elevation in Ca2+ uncaging experiments in the calyx of Held [116, 202]. We showed
that a dual-sensor model which assumes the action of a fast and slow sensor
on the (same) fusion barrier gives a biophysically plausible explanation for the
slow and fast release component during Ca2+ flash experiments as observed in
several papers [116, 134, 135]. An alternative explanation for the inhomogeneity in Ca2+ -triggered release could involve a distribution of release willingness
values (l+ ) across the primed vesicle population, which also affects the release
rate constant (fig. 4.1A). The effect of such a distribution on Ca2+ -independent
release is explored in the appendix. Complex combinations of release willingness
distributions and different Ca2+ sensors could affect vesicle release kinetics in a
combinatorial manner, giving rise to a large diversity of release options.

4.3.3

Competition between synchronous and asynchronous
release

We assume in our model that the clamping of the slow sensor by Syt occurs
after priming. Such a post-priming clamping step could explain the competition
between synchronous and asynchronous release sometimes observed during prolonged high-frequency stimulation (HFS) [125, 203]. Under normal conditions,
the rise of residual Ca2+ during HFS presumably leads to an increased ‘leakage’
of newly primed vesicles via the release pathway opened by the asynchronous
sensor (since this sensor is not yet clamped by Syt), at the cost of fewer vesicles
being available for synchronous release after engagement of Syt (fig. 4.3A). Appli90
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Figure 4.3: Competition between synchronous and asynchronous release. (A) Near
the end of a high-frequency stimulus, most of the vesicles will be released asynchronously under normal conditions via the slow state S. This will occur at the cost of
vesicles maturing into the clamped-and-synchronised, or fast state F. (B) Application
of the slow Ca2+ buffer EGTA (dashed grey circles) in WT neurons will reduce the
accumulation of residual Ca2+ , thus inhibiting the release pathway via the unclamped
asynchronous sensor (red line). This will give more primed vesicles the opportunity
to become superprimed, boosting the contribution of synchronous release to the total
charge released. In addition, EGTA presumably reduces the Ca2+ -dependent priming
rate (red dashed line), thus decreasing the total amount of charge released. (C) Deletion of the synchronous sensor (Syt) will remove the fast state. Application of EGTA
should then block most of the remaining asynchronous release.

cation of EGTA inhibits the asynchronous sensor, allowing Syt to clamp/recruit
more vesicles into the fast state, thus resulting in increased synchronous vesicle
release near the end of a HFS (fig. 4.3B). Furthermore, in the absence of Syt, the
synchronous release pathway is no longer available and the model would predict
a (near-)complete block of the remaining release upon EGTA application (fig.
4.3C) — an effect which has indeed been observed in [177]. Finally, a stronger
competition of release and a faster build-up of asynchronous release is expected
for the Syt 3K mutant [37], since vesicles in the fast state can still be released
asynchronously. This would only work if under resting conditions most primed
vesicles are clamped by Syt (which indeed is the case in our fits, see appendix),
as asynchronous release builds up only gradually during prolonged HFS. Future
work combining the current model with spatiotemporal Ca2+ modeling during
AP-induced release (chapter 6) could further develop these predictions.
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Materials and Methods

Fits were performed with an in-house developed script written in Matlab 2014b.
The model was fitted to the following data from [135] in order to obtain the
results in figure 4.1C–E: fast and slow time constants of release, peak release
rate and release delay (defined as time to release 5 vesicles in [135]) for WT; and
(single) time constant of release, peak release rate and release delay for Syt KO.
For figure 4.2, only the peak release rate data for WT, Syt KO and Syt D3 were
used. These data points were extracted using the ‘Grabit’ tool from the online
Matlab file exchange.
During the fitting procedure, the vesicular release rates caused by a Ca2+
flash are numerically simulated using Matlab’s ode15s ordinary differential equation (ODE) solver for stiff equations. Matlab’s odeset structure — which can be
invoked to alter the properties of ode15s — is set to its default values. The initial
condition of each simulation is determined using Matlab’s fsolve routine. The
simulated [Ca2+ ] after uncaging decays by 30% per 100ms (as in [135]) towards
the basal [Ca2+ ] of 50 nM.
In order to determine the time constants of release, Matlab’s fit function
is used to fit the following bi-exponential function to the simulated cumulative
release:


t−t0 
t−t0 
y = A1 · 1 − e τ1 + A2 · 1 − e τ2 + y0
(4.6)
with y0 the cumulative release at time t0 and τi (i = 1, 2) the time constants
of release. The contribution of either one of these exponentials (A1 and A2 ) is
considered negligible if less than 50 vesicles have been released within 100 ms
following the Ca2+ flash. For the Syt KO situation, a mono-exponential function
is used instead.
After each iteration, the outcome of the simulations is fed into a cost function, which calculates the sum of squared errors (SSE) between the log10 of the
model prediction and the log10 of the data for every type of data (see above)
and for all Ca2+ flash values simultaneously. This means that one set of model
parameters is used to simulate and fit both genotypes simultaneously. Ca2+
concentrations were linearly interpolated at the experimental values using Matlab’s interp1 function, with the extrapolation strategy also set to linear. The
cost function is used as input for the optimisation algorithms, all of which are
contained in Matlab’s Optimization Toolbox. Fitting starts with a global search
using the genetic algorithm ga, which is set to run in parallel on the initial
points, and switches to the local (Nelder-Mead downhill simplex) method fminsearch once ga has reached its stopping criterion. Both methods are executed
using the default option structures, except for the number of generations (200)
and population size (32) in gaoptimset, and the maximum number of function
evaluations (100) in optimset.
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Appendix

In this appendix, the system of differential equations for the two-sensor model
presented in figure 4.1A–B will be provided, together with the parameter values
corresponding to the best fits. Subsequently, results from a pilot study into
a heterogeneous distribution of release willingness values within the RRP —
including differential equations and model parameter values — are presented.

4.5.1

Model equations for the dual-sensor model

The Ca2+ sensor scheme used in this chapter for fitting Ca2+ flash-induced
release builds on the allosteric model introduced by Lou and colleagues [76].
The full scheme presented in figure 4.1A-B pertains to the WT situation, with
the ‘bare’ asynchronous sensor governing release until Syt engages and clamps
this alternative sensor. These sensors are part of the vesicle release model shown
in figure 4.1B. The equations for the unclamped asynchronous sensor (the S-state
in fig. 4.1B) are as follows:
dS1
= −(l+ · g0 + 2kon,a + kcs + kupr ) · S1 +
dt
koff,a · S2 + kucs · F1,1 + kpr
dS2
= −(l+ · g1 + kon,a + koff,a + kcs + kupr ) · S2 +
dt
2kon,a · S1 + 2b1 · koff,a · S3 + kucs · F2,1
dS3
= −(l+ · g2 + 2b1 · koff,a + kcs + kupr ) · S3 +
dt
kon,a · S2 + kucs · F3,1

(4.7)

(4.8)

(4.9)

Meanwhile, the equations in the presence of Syt (the F-state in fig. 4.1B) are:
dFi,j
= −(l+ · f(j−1) · g(i−1) + (3 − i) · kon,a + (i − 1) · b(i−2) · koff,a +
dt
(6 − j) · kon,s + (j − 1) · b(j−2) · koff,s + δj1 · kucs + kupr ) · Fi,j +
δj1 · kcs · Si + gain

(4.10)

where δnm is the Kronecker delta (δnm = 1 if n = m, δnm = 0 otherwise) and
gain is the influx from neighbouring sensor states into state Fi,j , given by a sum
of the following four equations, which depends on the position in the sensor
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scheme:
gain1 = (7 − j) · kon,s · Fi,j-1 (j > 1)
(j−1)

gain2 = j · b

· koff,s · Fi,j+1 (j < 6)

gain3 = (4 − i) · kon,a · Fi-1,j (i > 1)
(i−1)

gain4 = i · b

· koff,a · Fi+1,j (i < 3)

(4.11)
(4.12)
(4.13)
(4.14)

Finally, the total release rate at each moment in time can be found by summing
the release rates of all individual sensor states:


X
X
(k-1)
Release rate = l+ · 
Si · g(i-1) +
Fj,k · f
· g(j-1) 
(4.15)
i

j,k

where i,j ∈ {1, 2, 3} and k ∈ {1, . . . , 6}. In the above equations, l+ is the basal
release rate constant; b is a cooperativity factor; Si refers to the unclamped
asynchronous sensor; Fj,k describes the sensor states once Syt has associated
with the release machinery; kon/off,a/s are the Ca2+ association and dissociation
rate constants of the asynchronous (a) and synchronous (s) sensors; the factors g
(asynchronous) and f (synchronous) describe the increase in release rate constant
upon Ca2+ binding; kpr and kupr are the priming and unpriming rate (constant;
see eqn. 4.3); and kcs and kucs are the clamp-and-synchronise rate constant and
its reverse (see eqn. 4.4).
Note that unpriming occurs from all primed states, while refill only affects
state S1 . The refill term kpr in equation 4.7 is given by the product of a refill rate
constant and the unoccupied fraction of the RRP — so that the refill is maximal
when the RRP is completely empty (see eqn. 4.3). The upstream depot pool is
considered infinite during the (brief) Ca2+ flash stimuli.
In order to model the Syt KO situation, only equations 4.7–4.9 are used —
without the kcs - and kucs -containing terms (since Syt is not present). Data from
Syt-deficient neurons is thus used to constrain the asynchronous sensor. The
D3 mutant, which is capable of clamping release but does not have the Ca2+ triggering function, is modeled using all equations except for equations 4.11 and
4.12 and no kon,s - and koff,s -containing terms in equation 4.10 (as jmax = 1). The
release rate constants are then governed only by the asynchronous sensor, as the
synchronous sensor does not contribute in the absence of calcium binding (f0 =
1). Finally, the 3K mutant, which cannot clamp and has normal Ca2+ -triggering
function, was simulated as WT with kon,a and koff,a set to the (unclamped) Syt
KO values.
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Model parameters

The parameter values of the best model fits (fig. 4.1C–E) are given in the table
below. Note that RRPmax , b and kupr were kept fixed while the rest of the
parameters was fitted.
Parameter Value
Unit
Comment
RRPmax
3 · 103
vesicles Maximal RRP size [116]
l+
3.88 · 10−4 1/s
Basal release rate constant [76]
b
0.5
Cooperativity factor [76]
k1
482
1/s
Max. refill rate constant from depot
kupr
0.01
1/s
Unpriming rate constant
kcs,0
1.98
1/s
See equation 4.4
kcs,Ca
4.44 · 106
1/(M·s) See equation 4.4
kucs
1.05
1/s
Unclamping (Syt dissociation) rate cst.
Synchronous release sensor
f
24.4
See [76]
kon,s
2.49 · 108
1/(M·s) Ca2+ association rate
koff,s
5.07 · 103
1/s
Ca2+ dissociation rate
−6
kD,s
20.4 · 10
M
Ca2+ dissociation constant
‘Bare’ asynchronous release sensor
g
100.6
Asynchronous analog of f
kon,a
8.18 · 106
1/(M·s) Ca2+ association rate
koff,a
90.8
1/s
Ca2+ dissociation rate
−6
kD,a
11.1 · 10
M
Ca2+ dissociation constant
Clamped asynchronous sensor
clampOn
0.0107
Clamping factor (see below)
clampOff
2.24
Clamping factor (see below)
g
100.6
Asynchronous analog of f
kon,a
8.73 · 104
1/(M·s) kon,a (clamped) = kon,a (bare)·clampOn
koff,a
203.7
1/s
koff,a (clamped) = koff,a (bare)·clampOff
kD,a
2.33 · 10−3 M
Ca2+ dissociation constant

4.5.2

Introducing heterogeneity in fusion energy barrier
height within the RRP

In addition to the effects of calcium, biochemical manipulations and sucrose, it
appears plausible for the release rate constant to depend on release machineryintrinsic properties [75]. In principle, this intrinsic release willingness can be
heterogeneously distributed across all primed vesicles, resulting from the primed
vesicles having bound a variable number of SNARE complexes and/or the different zippering states these bound SNAREs could be in (see chapter 1) [29,32,75].
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To theoretically study the consequences of such heterogeneity, we extended the
approach of (independent) additive effects on the fusion energy barrier as presented in this chapter to include multiple SNARE states. For conceptual simplicity, we assume each of these primed states to differ by a constant amount of
energy ∆ESNARE (suppl. fig. 4.1A). The number of SNARE complexes required
for various modes of release to occur has been estimated to range from 1 to 11
(for a review, see [29]). We will explore the consequences of these estimates
for different numbers of SNARE states within this range, which will result in
particular distributions over these states, depending on the parameters of the
simulated system.
Physiologically, the consequences of such distributions are most interesting
during Ca2+ -evoked release — however, since release willingness is known to
be Ca2+ -dependent (see chapter 1) [55, 56], we will restrict ourselves here to
Ca2+ -independent hypertonic sucrose-induced release, which is also expected
to be affected by the heterogeneity. To this end, we can use our model of
sucrose-induced release presented in [187] and extend it with a Ca2+ -independent
(SNARE-)heterogeneity factor h and NS different SNARE(-zippering) states,
where NS is allowed to run from 1 to 11 (suppl. fig. 4.1A). The vesicular release
rate constant for each SNARE state j then becomes
(j)

krelease = k2 · e+

j·∆ESNARE
RT

≡ k2 · hj

(4.16)

where k2 is a sucrose-dependent term (as in [187]). Note that, for each vesicle,
krelease now depends on the vesicles SNARE state j (with 1 ≤ j ≤ NS ). Therefore, the vesicles in the highest SNARE states will be easiest to release — this
also holds for spontaneous release. Hence, stimulation of this system with a
submaximal sucrose concentration — which is not capable of releasing the entire RRP — is expected to draw primarily from these higher states, leaving the
lower states relatively untouched. This ‘differential sensitivity’ within the RRP
to hypertonic stimuli can be exploited to make predictions on the number of
different SNARE states typically present in the RRP.
The depopulation of the states with the highest release willingness after a
submaximal hypertonic sucrose stimulus will, depending on the replenishment
rate constant kon , temporarily reduce the effective release rate constant of the
RRP as a whole. Therefore, the ‘effective release rate constant’ of a 0.5M sucrose response immediately following a (submaximal) 0.25M response should be
reduced when fitted with the model from [187], which assumed a single (effective) state in the RRP. The severity of this reduction will depend on both the
duration of the preceding submaximal stimulus and the degree of heterogeneity
of the SNARE states: prolonged stimulation will deplete more states, and a single state displays hardly any reduction in effective release rate constant, while
the reduction grows progressively with the number of states (suppl. fig. 4.1B).
As the effect saturates for 5 SNARE states and up, we do not plot the results
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for higher numbers.
Instead of fitting the 0.5M sucrose responses with the vesicle release model
from [187], this reduction of the sucrose-induced release rate constant can be
readily appreciated in a qualitative manner by normalising the 0.5M responses
and shifting the traces in time to match the locations of the peaks (suppl. fig.
4.1C). The model predicts responses with a longer preceding 0.25M stimulus
to have a longer time-to-peak (i.e. a smaller slope of the rising phase of the
response) — and hence a slower release rate constant — for multiple SNARE
states, due to pre-depletion of the highest states. For a single SNARE state
however, this effect is absent. The decay back to steady state (refill) after the
peak is also indicative of a change in release kinetics: a slower release rate constant will take longer to deplete the RRP (compare e.g. a 0.5M with a 1.0M
response), and thus result in a slower decay back to steady state (as the integral
of the whole transient peak is related to the RRP [187]).

4.5.2.1

Model equations for heterogeneously distributed activation
energies within the RRP

The reaction speed of the formation and removal of SNARE states (with rate
constants kon and koff , respectively) depends on the number of free and occupied ‘SNARE slots’, ranging from 1 to NS (see suppl. fig. 4.1A). The system of
differential equations associated with this model can be summarised as follows:
P
S − k Rk
dRj
= NS · kon ·
· D + 2koff · Rj+1 −
dt 
S

(NS − j) · kon + koff + k2 · hj · Rj (j = 1)

(4.17)

dRj
= (NS − j − 1) · kon · Rj-1 + (j + 1) · koff · Rj+1 −
dt 

(NS − j) · kon + j · koff + k2 · hj · Rj (2 ≤ j ≤ NS − 1)

(4.18)

dRj
= kon · Rj-1 − (NS · koff + k2 · hj ) · Rj (j = NS )
dt

(4.19)

where j and k are the labels of a SNARE state (1 ≤ j,k ≤ NS ) and S is the
total number of release sites. The fraction-term in equation 4.17 captures the
idea that the priming of vesicles from the depot pool D into R1 depends on
the fraction of available release sites (maximal priming for an empty RRP and
no priming when all sites are occupied) — similar to the fraction in equation 4.3.
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Model parameters

The above model equations have to be evaluated in order to generate simulations
of 0.5M sucrose responses which can be fitted with the vesicle state model from
[187]. The parameter values used for supplemental figure 4.1B–C are as follows:

kon (s−1 )
koff (s−1 )
S (vesicles)
D (vesicles)
k2,max (s−1 )
tdel (s)
τ (s)
h (-)

NS = 1
0.47
0.04
1.58 · 104
1.0 · 104
0.53
1.31
0.34
5.95

NS = 2
0.26
0.07
1.11 · 104
1.0 · 104
0.68
1.30
0.28
2.43

NS = 3
0.19
0.11
1.31 · 104
1.0 · 104
0.46
1.27
0.24
2.27

NS = 4
0.23
0.06
0.79 · 104
1.0 · 104
0.22
1.22
0.16
2.05

NS = 5
0.12
0.05
0.83 · 104
1.0 · 104
0.24
1.24
0.22
1.80

Here k2,max , tdel and τ are the parameters that characterise the time- and
concentration-dependent change of the sucrose-induced release rate constant
k2 (t) as specified in the vesicle state model. The number of release sites S
differs between the simulations, but that does not play a role when normalising
the results (as in suppl. fig. 4.1B–C). Furthermore, note that both k2,max and h
are higher for the single SNARE state than for NS = 5. This difference is due to
the fact that the eventual release rate is determined by the summation over the
products of the contents of each SNARE state Rj with the corresponding release
rate k2 · hj .
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Supplemental figure 4.1: Vesicle state model describing heterogeneity in release
willingness. (A) The model from [187] is used, with the RRP split up into NS different
SNARE states RNs (red). These SNARE states can be the result of a combination of
the number of SNARE complexes and the respective zippering state of each of these
SNARE complexes. The transitions between the various states depend on the number
of occupied/free ‘SNARE slots’, ranging from 1 to NS ; release can occur from each
state. (B) The effective release rate constant of 0.5M sucrose responses as fitted with
the model from [187], versus the duration of a 0.25M pre-stimulus, normalised to the
naı̈ve 0.5M response. The fits were performed on simulated data resulting from a model
containing NS SNARE states. While the release rate constant is virtually invariant for
a single SNARE state, the release rate constant progressively decreases for higher
numbers of SNARE states (up to 5) at longer pre-stimuli. Note the equilibrium (after
∼15s) between higher SNARE states being depleted and replenishment coming from
upstream states. (C) Detail of simulated responses to a 0.5M sucrose stimulus, zoomed
in on the transient peak, for 1 SNARE state (top) and 5 SNARE states (bottom). The
different shades of grey indicate the duration of the 0.25M sucrose pre-stimulus. All
traces were normalised to their peak amplitudes, and the traces were shifted in time
to match the locations of the peaks. This reveals that, for a single SNARE state,
the release kinetics (and time-to-peak) are approximately constant for all durations of
the 0.25M pre-depletion stimulus. For 5 SNARE states on the other hand, the release
kinetics are clearly affected: longer pre-depleting stimuli result in a slower time-to-peak
and hence a lower release rate constant.
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