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The release of inhibition model reproduces kinetics
and plasticity of neurotransmitter release in central
synapses

Christopher A. Norman'23, Shyam S. Krishnakumar® "#* Yulia Timofeeva® "2* & Kirill E. Volynski® >

Calcium-evoked release of neurotransmitters from synaptic vesicles (SVs) is catalysed by
SNARE proteins. The predominant view is that, at rest, complete assembly of SNARE com-
plexes is inhibited (‘clamped") by synaptotagmin and complexin molecules. Calcium binding
by synaptotagmins releases this fusion clamp and triggers fast SV exocytosis. However, this
model has not been quantitatively tested over physiological timescales. Here we describe an
experimentally constrained computational modelling framework to quantitatively assess how
the molecular architecture of the fusion clamp affects SV exocytosis. Our results argue that
the release-of-inhibition” model can indeed account for fast calcium-activated SV fusion, and
that dual binding of synaptotagmin-1 and synaptotagmin-7 to the same SNARE complex
enables synergistic regulation of the kinetics and plasticity of neurotransmitter release. The
developed framework provides a powerful and adaptable tool to link the molecular bio-
chemistry of presynaptic proteins to physiological data and efficiently test the plausibility of
calcium-activated neurotransmitter release models.
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information transfer in the brain. It is well established that

synaptic vesicle (SV) fusion with the plasma membrane is
mediated by SNARE (soluble N-ethylmaleimide-sensitive factor
attachment protein receptor) proteins, namely VAMP2 on the SV
(v-SNARE) and syntaxinl and SNAP25 on the plasma membrane
(t-SNAREs) in most central synapses!=3. v- and t-SNAREs can
constitutively assemble (or ‘zipper’) into a complex that brings
opposing membranes together and provides the energy required
for fusion. In addition to synapses, similar SNARE proteins
mediate the fusion of virtually all membranous organelles in
living cells*.

A distinct property of SV exocytosis is that it is tightly coupled
to neuronal activity and controlled by action potential (AP)-
evoked increases in presynaptic [Ca?*]. To achieve this, pre-
synaptic terminals maintain a readily releasable pool (RRP) of
vesicles that are docked at the presynaptic active zone (AZ).
When an AP reaches the presynaptic terminal, it depolarises the
presynaptic membrane and transiently activates voltage-gated
Ca?" channels (VGCCs) located in the AZ, resulting in the for-
mation of local Ca?t nano/microdomains near RRP vesicles
([Ca? Jjocar ~ 10-100 uM). Ca®* ions activate the fast, low-affinity
vesicular Ca®* release sensor synaptotagmin 1 (Sytl, or its closely
related isoforms Syt2 and Syt9 in different types of synapses),
which triggers SV exocytosis and synchronous neurotransmitter
release on a millisecond timescale®>. VGCCs close within several
milliseconds after an AP, resulting in the collapse of Ca®t nano/
microdomains. However, the presynaptic Ca?* level remains
elevated in the low micromolar range for tens to hundreds of
milliseconds. This long-lasting increase in residual [Ca?']
([Ca®*|,esidual)» Which is especially prominent during bursts of
neuronal activity, triggers delayed asynchronous neurotransmitter
release and also contributes to the facilitation of synchronous
release upon arrival of another AP. This short-term plasticity of
vesicular release allows presynaptic terminals to process the
neuronal spiking code and provides a basis for synaptic compu-
tation and selective information transfer in the brain®’. Asyn-
chronous release and synaptic facilitation are, in large part,
mediated by the presynaptic membrane-associated high-affinity
Ca?™ release sensor synaptotagmin 7 (Syt7), which can be acti-
vated by [Ca*™], . qua® - Thus, it is emerging that the synaptic
release of neurotransmitters is synergistically regulated by low-
and high-affinity synaptotagmins acting on the same pool of
vesicles or even on the same SNARE complex. How this occurs in
molecular terms remains poorly understood.

The current prevailing view is that each RRP vesicle contains
several partially assembled SNARE complexes (‘SNAREpins’) that
are arrested (‘clamped’) in this state by synaptotagmins and the
soluble presynaptic protein complexin. The SNAREpins are
thought to be released by Ca’t-activation of synaptotagmin
molecules and act cooperatively to drive rapid SV exocytosis
leading to neurotransmitter release!2-14. However, it has not been
quantitatively tested whether this ‘release of inhibition’ model can
adequately describe the millisecond kinetics of synchronous
neurotransmitter release or if additional mechanisms, such as
membrane bending and/or membrane bridging by Syt1!°-21, are
also critical.

Recently, considerable progress has been made in under-
standing the structural and functional organisation of the SNARE
pre-fusion complex?!-2>. For example, it has been shown that a
given SNAREpin can simultaneously bind two Sytl molecules,
one at the ‘primary’ interface, independently of complexin, and
another at the ‘tripartite’ interface, in conjunction with complexin
(Fig. 1a)2l. Interestingly, the structural analysis suggests that the
primary site might be accessible to only fast, low-affinity Ca’*+
sensors (Sytl, Syt2 and Syt9), whilst the tripartite site appears to

Synaptic release of neurotransmitters forms the basis of

be universally accessible to all synaptotagmin isoforms, including
Syt721. Dual synaptotagmin binding at primary and tripartite
interfaces has the potential to explain, in molecular terms, how
different synaptotagmin isoforms cooperatively regulate neuro-
transmitter release and short-term plasticity'9-13. However, this
hypothesis remains to be tested.

One difficulty in addressing these questions is that measuring
the spatio-temporal dynamics of Ca?t at the AZ is challenging
due to its spatial scale (200-600 nm) and the inherently low
signal-to-noise ratio of fluorescent Ca?* indicators when imaging
with millisecond resolution. Another obstacle is that, at present, it
is not possible to directly track the molecular states of different
synaptotagmin isoforms on RRP vesicles. Data-constrained rea-
listic computational models of presynaptic terminals are, there-
fore, essential tools that can bypass the limitations of
experimental approaches. Indeed, we have previously created a set
of computational tools to model presynaptic Ca?* dynamics at
different types of synapses during physiological patterns of
activity26-30,

Here we describe an experimentally constrained computational
modelling framework that allows us to model the activation of
Sytl and Syt7 by physiologically relevant Ca?T transients that
occur at the presynaptic AZ and to test how their activation
triggers SV exocytosis for different molecular models of the
fusion clamp. We find that release of inhibition is sufficient to
explain the millisecond kinetics of AP-evoked SV exocytosis. Our
results indicate that, irrespective of the triggering Ca?* signal’s
shape, or the nature of the fusion clamp, the majority of syn-
chronous vesicular fusion occurs when 3 SNAREpins are simul-
taneously free from inhibition. Furthermore, our simulations
reveal that the Sytl1/SNARE interaction at the primary site alone
can account for the millisecond kinetics of AP-evoked synchro-
nous release and that binding of Sytl or Syt7 to SNARE com-
plexes at the tripartite interface provides an additional level of
regulation of vesicular fusion. In particular, dual Sytl/Syt7
binding to the same SNAREpin can explain the role of Syt7 in the
regulation of short-term synaptic plasticity and the kinetics of
vesicular release.

Results

Computational implementation of the release of
inhibition model. We assumed that each RRP vesicle was asso-
ciated with several partially assembled SNAREpins that were
clamped in this state by Sytl and Syt7 isoforms along with
complexin (Fig. 1a). We considered three synaptotagmin clamp
architectures based on the available structural and functional
data. In all cases, the primary interface was occupied by Sytl.
Indeed, the primary interface appears to be selective for Sytl and
its similar isoforms, Syt2 and Syt92l. It has also been shown that
Sytl can simultaneously interact with the lipid bilayer via PIP2
interaction and with SNAREs via the primary interface?4. It is
thus likely that Sytl binding at the primary interface occurs at an
early stage of vesicle docking, preceding the SNARE assembly
process. In contrast, the tripartite interface is generated only
when SNAREs are partially zippered and can bind complexin.
Furthermore, the tripartite interface binding motif is present in
both Sytl and Syt72l. Based on these data, we considered three
distinct synaptotagmin fusion clamp architectures. In all cases,
the primary interface was occupied by Sytl, whilst the tripartite
interface was either unoccupied (single Sytl clamp at the primary
interface, Syt1?) or occupied (dual clamp) either by Sytl (Syt1P/
Syt1T) or by Syt7 (Syt1P/Syt7T) (Fig. 1a). To model these three
limiting cases, we assumed that all SNAREpins on a given RRP
vesicle share the same clamp architecture.
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Fig. 1 Computational implementation of the release of inhibition model. a At rest, the full zippering of SNAREs on RRP vesicles is inhibited (‘clamped’) by
the binding of synaptotagmin and complexin molecules. Based on structural data, three synaptotagmin/SNARE clamp architectures were considered in the
model (right). In all cases, Syt1 occupies the primary interface. The tripartite interface is either unoccupied (single clamp, Syt1P) or occupied (dual clamp)
by Syt1 (Syt1P/Syt1T) or Syt7 (Syt1P/Syt7T). Crystal structure (PDB ID: 5W5C)2!. b The binding of two Ca2* ions to a synaptotagmin C2 domain leads to its
subsequent membrane insertion, described by the Markov kinetic scheme on the right, and release of its SNARE fusion clamp, allowing full zippering of
SNAREs which provides energy for membrane fusion. ¢ The rate of SV fusion is determined by the number of free SNARE complexes. These reduce the
effective membrane fusion energy barrier, illustrated here as a Gaussian landscape (right). Each SNAREpin was assumed to independently contribute to the
lowering of the membrane fusion barrier, which is spontaneously overcome at a rate given by the Arrhenius equation (see “Methods"). Note that only two
out of six SNARE complexes are shown in the cartoons on the left that represent a vertical cross-section of the SV.

Biochemical and physiological analyses have shown that a small
number of SNAREs are sufficient to achieve fast, Ca?* synchro-
nised neurotransmitter release3!-33, Furthermore, recent cryo-
electron tomography analysis in cultured hippocampal synapses
demonstrated a circular symmetric arrangement of six protein
densities at the interface between docked SVs and the presynaptic
membrane, each possibly corresponding to a single SNARE-
associated exocytic module®4, Therefore, as a default setting, we
assumed that each RRP vesicle was associated with six SNAREpins.

It is well established that Ca?* binding leads to rapid insertion
of the aliphatic loops of synaptotagmin C2 domains into the
membrane and that this step is critical for triggering neuro-
transmitter release3>3¢. Indeed, structural and biochemical
analyses have indicated that a Ca?*t-triggered reorientation of
Sytl C2 domains displaces Sytl from the primary SNARE
interface?#37. Therefore, we assumed that Ca?* binding and
subsequent membrane loop insertion of synaptotagmin C2
domains induces the removal of the fusion clamp, i.e. ‘release
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of inhibition’ (Fig. 1b). Based on the previously established critical
roles of the Sytl C2B domain333° and the Syt7 C2A domain®?,
for simplicity, we only considered activation of these domains in
our model. The C2 domains of Sytl and Syt7 associated with RRP
vesicles are likely to be in close proximity to the
membrane?44041 Hence, we modelled Ca’*t-triggered loop
insertion as a first-order reaction described by membrane
insertion (k;,) and dissociation (k) rates. Combined with the
two-site protein-ligand binding model described by Ca?* binding
(k,,) and unbinding (k_q) rates, the Markov model of Sytl and
Syt7 C2 domain dynamics is described by the kinetic scheme in
Fig. 1b. This model assumes that Ca?* is not able to dissociate
from the C2 domain while it is membrane-inserted, and that
reversal of membrane insertion leads to immediate restoration of
the SNARE fusion clamp.

Finally, we assumed that the repulsive forces between an SV
and the plasma membrane constitute a potential energy barrier,
which is lowered by the independent energetic contributions of
individual assembled SNARE complexes. SV fusion was triggered
when the barrier was overcome by thermal fluctuations at a rate
given by the Arrhenius equation (Fig. 1c)4>43, The parameters of
the complete Markov model were constrained using the available
biochemical and structural datal321,24:40,41,44-48 (see Methods).
The fusion dynamics of RRP vesicles in response to diverse [Ca*"]
transients were computed using stochastic Monte Carlo simula-
tions using the Gillespie algorithm?*®, as detailed in the Methods
section.

The release of inhibition model describes the kinetics of vesi-
cular release at the calyx of Held giant synapse. The CaZ*t-
activation of SV fusion has been quantitatively described in the
calyx of Held—a giant synapse in the auditory brainstem. In these
experiments, flash photolysis was used to generate spatially uni-
form, step-like increases of [Ca®*] within the calyx and the Ca2*-
evoked vesicular release was monitored using post-synaptic
patch-clamp recordings®®>!. The measured kinetics and the
[Ca%t] dependency of glutamate release at this synapse have been
described by several empirical mathematical models®?->3. Among
these, the six-state allosteric model proposed by Lou et al. (Sup-
plementary Fig. 1) was shown to closely approximate the kinetics
of Ca2T-triggered vesicular release in the calyx of Held over a
wide range of [Ca’™]°2. Furthermore, this empirical model
has been widely used to describe the efficacy and plasticity of
Ca’*t-evoked vesicular release in many other functionally and
structurally distinct synapses, including GABAergic terminals of
hippocampal parvalbumin-containing basket cells’4, glutamater-
gic terminals of hippocampal granular?®>> and CA33Y pyramidal
neurons. Therefore, we used the allosteric model as a benchmark
to compare the results of our simulations to the kinetics and
plasticity of vesicular release observed in different types of central
synapses.

In line with the Ca?t uncaging experiments, we simulated
vesicular release in response to [Ca*"] steps in the range of
1-32 uM for the three limiting cases of the clamp architecture
(Fig. la). In all three cases, the peak release rates exhibited a
power law dependency on the [Ca’'] step, with exponents
between 2.7 and 4.3 (Fig. 2a, b). In agreement with the
experimental data recorded at the calyx of Held described by
the benchmark allosteric model, sub-millisecond fusion rates
predicted by the release of inhibition models were apparent for
[Ca*™] steps above 4 or 8uM, depending on the clamp
architecture. The release rate was greatest in the case of a single
Sytl clamp at the primary interface. The introduction of an
additional Sytl or Syt7 clamp at the tripartite interface reduced
the release rate but enhanced Ca?* cooperativity. The predictions

of the allosteric model lie between these limiting clamping cases,
demonstrating that the release of inhibition model can indeed
explain the experimentally observed kinetics of vesicular release.
The model output further suggests that the occupancy of the
tripartite interface by different synaptotagmin isoforms could
provide an efficient mechanism for the dynamic regulation of
Ca?*-triggered vesicular release.

To estimate how many SNARE complexes are needed to drive
fast synchronous vesicular fusion, we monitored the number of
unclamped SNAREpins associated with each vesicle prior to
fusion. We found that for all clamp architectures, fast fusion
(peak release rate above 10~2ms~!) required at least three
uninhibited SNAREpins. This value is consistent with previous
experimental and modelling estimates for the number of
SNAREs required to mediate synchronous release of
neurotransmitters33243, Indeed, the apparent rate of synchro-
nous vesicle fusion in our modelling framework is limited by the
time taken for three SNAREpins to be released from the fusion
clamp, which depends on the [Ca®*] increment and the clamp
architecture (Fig. 2c). In the case of three unclamped SNAREpins
the vesicular fusion rate predicted in our model by the Arrhenius
equation is 8.1 ms™! (Fig. 1c). This value is orders of magnitude
greater than the upper limit for how quickly the synaptotagmin
clamp can be restored, which is limited by the rate of C2
domain membrane dissociation (k,, = 0.67 ms~! for Sytl and
Koy =0.02ms™! for Syt7, see Methods). This implies that once
three out of six SNAREpins are simultaneously unclamped,
vesicle fusion is practically inevitable. In line with this prediction,
the peak release rate was directly proportional to the fraction of
vesicles with three uninhibited SNAREpins, irrespective of the
synaptotagmin clamp architecture (Fig. 2d).

As the exact number of SNARE complexes in each RRP vesicle
is still undetermined, we explored the effect of varying the
number of SNAREpins per vesicle (specifically four, six and eight)
(Supplementary Fig. 2). We found that, for all clamp architec-
tures, vesicular fusion took place when at least three SNAREpins
were free from the fusion clamp, regardless of the total number of
SNAREpins on a given vesicle. However, we observed a
correlation between the peak fusion rate and the number of
available SNAREpins. For every [Ca’"] tested, the peak release
rate was at its highest with eight SNAREpins per vesicle and at its
lowest with four. This pattern could be explained by the fact that
the state with three unclamped SNAREpins was reached more
quickly when there was a greater total number of SNAREpins on
the vesicle.

The release of inhibition model recapitulates synchronous
release in response to AP-evoked [Ca2*] transients at the AZ.
We next examined whether the release of inhibition model could
replicate the vesicular release dynamics observed at presynaptic
terminals in response to AP stimulation using the default models
described in Fig. 1. AP-evoked Ca%t dynamics at vesicular release
sites have not been directly measured, largely because of the small
size of the AZ and the high speed of Ca* kinetics. Therefore, we
and others have developed three-dimensional, experimentally
constrained models of Ca?* influx, diffusion, buffering and
extrusion, which allow one to approximate the [Ca*"] transients
near release-ready vesicles at different types of synapses?0-30->426,
A critical parameter that determines [Ca*™],.,; at a given release
site is its distance to the nearest VGCC cluster, i.e. the coupling
distance, d. As in our previous work??, we considered a simplified
model of a small excitatory presynaptic terminal that contains a
single AZ with a cluster of VGCCs at the centre and computed
AP-evoked [Ca®*] ., for coupling distances ranging between
30-80 nm, which is characteristic for small central glutamatergic
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Fig. 2 Release of inhibition model describes the kinetics of vesicular release in the calyx of Held. a Time-course of vesicular release rate simulated in
response to 4, 8, and 16 uM [Ca®"] steps for the single and dual synaptotagmin/SNARE clamp architectures considered in the model (solid coloured
traces) and for the benchmark allosteric model (dashed grey trace) that describes vesicular release kinetics recorded in the calyx of Held>2. b Dependency
of the peak release rate (achieved within 10 ms) on the amplitude of a [Ca®*] step. The numbers indicate the slopes corresponding to the exponent of the
power relationship between peak vesicular release rate and [Ca2+] in the range of 4-16 uM. ¢ Time evolution of the mean number of unclamped SNAREpins
(‘Free SNARES") on all docked SVs (solid lines) and on SVs at the instance of fusion (dotted lines) in response to 4, 8, and 16 uM [Ca®*] steps. Shaded
areas indicate 1 standard deviation on each side of the mean. Each time point includes data from a 0.25 ms bin. The colour code is the same as in (a). d The
relationship between peak release rate and the fraction of SVs that have three unclamped SNARE complexes at the instance of fusion. The dotted line
represents an asymptote for the case when fusion may only occur for vesicles that have exactly 3 unclamped SNARE complexes (i.e. the product of
the fraction of vesicles with 3 unclamped SNAREs and the Arrhenius rate R,,.(3) = 8.1ms~, see Fig. Ic and Methods). Data points represent mean values
taken over a 0.25ms bin centred on the time of peak release rate. For each [Ca2*] step and fusion clamp architecture, at least N = 500,000 stochastic
simulations were performed with at least 2000 vesicular fusion events recorded during the first 10 ms time window. This restricted the normalised root
mean squared error in stochastic estimates of the kinetics of SV fusion to less than 1% (see Supplementary Fig. 5).

synapses (Fig. 3a and Methods). We then extracted [Ca?"] ., at predictions of the three limiting cases of clamping architectures.
different coupling distances and used these as model inputs to  These results further demonstrate that the release of inhibition
simulate vesicular fusion (Fig. 3b, c). model can reproduce the [Ca2*] dependency and fast kinetics of
In line with the analysis of step [Ca®*] increments (Fig. 2a, b), ~AP-evoked synchronous vesicular release in small excitatory
the model-predicted vesicular release kinetics in response to AP-  synapses.
evoked Ca?t influx depended on the architecture of the
synaptotagmin clamp (Fig. 3). For all coupling distances tested,
the vesicular release probability was highest when the tripartite
interface was unoccupied (single Syt1P clamp). Adding either a
second Sytl or Syt7 clamp at the tripartite interface reduced the
vesicular release by similar amounts. The amplitude of AP-
evoked [Ca?*] transients decreased with increasing coupling
distance, which resulted in a corresponding reduction of both the
peak release rate and the overall release probability (Fig. 3c). The
decrease was steeper when the tripartite site was occupied by
either Sytl or Syt7 due to increased Ca2* cooperativity. Notably,
the predictions of the benchmark allosteric model, which
describes the experimentally observed vesicular release properties
in small glutamatergic synapses, were within the range of the

The release of the inhibition model reproduces Syt7-dependent
short-term facilitation. Short-term plasticity of synaptic neuro-
transmitter release is commonly assessed by measuring vesicular
release in response to pairs of APs. We therefore tested how the
molecular architecture of the synaptotagmin clamp shapes vesi-
cular release in response to paired-pulse stimulation (Fig. 4).
Using the VCell model described in Fig. 3, we computed [Ca2]
responses to different inter-stimulus intervals (10-500 ms) and
coupling distances (30-80nm). We next simulated vesicular
release for different synaptotagmin clamp architectures in
response to the obtained Ca?t dynamics and calculated the
paired-pulse ratio PPR = p (2)/p,(1) (where p (1) and p (2) are
vesicular release probabilities at the 1st and the 2nd AP,
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Fig. 3 The release of inhibition model recapitulates synchronous release in response to AP-evoked [Ca2"] transients in the presynaptic AZ. a A
cartoon illustrating the model of AP-evoked presynaptic Ca2+ dynamics. The presynaptic terminal was modelled as a truncated sphere with a diameter of
0.6 pm with a single AZ containing a 40 nm x 80 nm rectangular cluster of VGCCs. Intraterminal Ca2t dynamics were subject to diffusion, buffering (by
calbindin, CB; calmodulin, CaM; and ATP) and extrusion via ion pumps. Illustrations of the volume cross-section (upper) and the AZ plane (lower) are
adapted from our previous work29. b Time course of AP-evoked Ca®*(t) at an AZ point 40 nm from the VGCC cluster (top) and the corresponding
vesicular release rates (middle) and the cumulative vesicular release probability, p, (bottom) for the three clamp architectures (solid coloured lines) and
the benchmark allosteric model (dashed grey line). ¢ Dependences of peak [Ca?*] (top), peak vesicular release rate (middle) and ‘final p, calculated 2 ms
after an AP (bottom) on the coupling distance d between the docked vesicle and the VGCC cluster. Colour codes as in (b). Data points represent mean
values. For each [Ca?*](t) transient and fusion clamp architecture, at least N = 500,000 stochastic simulations were performed with at least 2000

vesicular fusion events recorded during the first 3 ms time window.

respectively). To specifically track changes in the release prob-
ability of a given RRP vesicle during paired-pulse stimulation, we
did not model SV replenishment in this set of simulations.

In the case of the benchmark allosteric model, vesicular release
was similar in response to the 1st and 2nd AP (Fig. 4a—c). This
was expected since [CaZ™] transients at vesicular release sites were
comparable for the 1st and 2nd AP (Fig. 4a). In the case of the
single Sytl clamp at the primary interface (Syt1P), we observed
depression of vesicular release in response to the 2nd AP, which
was most prominent at short coupling distances where [Ca?* ]
transients had the greatest amplitude. The depression can be
explained by the depletion of the RRP vesicles due to the absence
of vesicle replenishment in these simulations and the relatively
high release probability at the 1st AP (Fig. 3c and Fig. 4a). In
contrast, in the case of the dual Sytl clamp (Syt1P/Syt1T) the
release probability at both the 1st and the 2nd APs was low, and
the PPR was close to 1 for the whole range of coupling distances
and inter-stimulus intervals tested. Strikingly, the inclusion of
Syt7 at the tripartite interface (Syt1P/Syt7T) led to a facilitation of
vesicular release at the 2nd AP (Fig. 4a—c). The increase of PPR
was most noticeable (2- to 3-fold) at shorter inter-stimulus
intervals (10-50 ms) and longer coupling distances (> 40 nm).

The observed facilitation can be explained by the slower
membrane dissociation kinetics of Syt7 relative to Syt14°. The st
AP induces the insertion of Sytl and Syt7 C2 domains into the
membrane, which leads to the release of the fusion clamp at a
fraction of the total SNAREpins. If the fusion of a given vesicle
was not successfully induced during the 1st AP, then the clamp
on its SNAREpins would be restored more slowly by Syt7 than
by Sytl, because Syt7 stays in the membrane longer (k,, =
0.02ms~! for Syt7 and 0.67 ms~! for Sytl). This means that at

the time of arrival of the 2nd AP these unfused vesicles are
expected to have up to 40% of Syt7 clamps already released
(Fig. 4d), conferring an increase in the probability of vesicle
fusion, p,(2).

The observed short-term facilitation mediated by Syt7
diminished as the inter-stimulus interval increased, due to
progressive restoration of the Syt7 clamp, and disappeared within
500 ms, consistent with experimental data!l>’. Indeed, the
dependency of PPR on the inter-stimulus interval for a given
coupling distance aligned well with that of the average number of
free Syt7 clamps immediately before onset of the 2nd AP (Fig. 4c,
d). In contrast, the dependency of Syt7-mediated short-term
facilitation on coupling distance was non-monotonic, with PPR
reaching maximal values at coupling distances between 50-60 nm
(Fig. 4b). This was due to the competing effects of increased
vesicle depletion after the 1st AP at short coupling distances
versus decreased removal of Syt7 clamps on unfused vesicles at
longer coupling distances.

Mixed single and dual fusion clamp models can recapitulate
vesicular release properties at plastic synapses. We next assessed
whether the release of inhibition model could explain the complex
patterns of vesicular release observed in response to bursts of
neuronal activity. To test this, we chose the mossy fibre bouton
(MFB)—CA3 pyramidal neuron synapse in the hippocampus as a
model environment. This synapse, which is also called a ‘detonator
synapse’, has a very low initial release probability (p, for individual
RRP vesicles is in the range of 0.01-0.03) and shows strong short-
term facilitation of synchronous release (up to 10-fold) and pro-
minent asynchronous release after high frequency bursts of
activity>>?8. Short-term facilitation in MFBs is mediated by at least
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Fig. 4 The release of inhibition model reproduces Syt7-dependent short-term facilitation. a Modelling of vesicular release in response to paired-pulse
stimulation. Left, VCell-computed Ca2* dynamics at a vesicular release site located d = 40 nm from the VGCC cluster (see Fig. 3a) in response to a pair of
APs separated by an inter-stimulus interval (ISI) of 20 ms. Time course of the corresponding vesicular release rates (middle) and the cumulative vesicular
release probability, p, (right) for the three fusion clamp architectures (solid coloured lines) and the benchmark allosteric model (dashed grey line).

b, ¢ Dependency of the paired-pulse ratio (PPR = p,(2)/p,(1), where p,(1) and p,(2) are the vesicular release probabilities at the Ist and the 2nd AP
respectively), on the coupling distance (in b) and the inter-stimulus interval (ISI) (in ¢) for different clamp architectures. Note that facilitation of vesicular
release was only observed when Syt7 was present (Syt1P/Syt7T). Colour codes as in (a). d Probability that the tripartite interface remains unoccupied (Pyq,
tripartite) at the time of arrival of the 2nd AP. Due to the faster membrane dissociation rate of Syt1 (k,, = 0.67 ms~"), the model predicts the restoration
of the Syt1 clamp within 10 ms after the Ist AP. In contrast, Syt7 exhibits slower membrane dissociation (k,,; = 0.02 ms~"), which leads to a delayed
restoration of the fusion clamp and results in the facilitation of vesicular release at the 2nd AP. Colour codes as in (a). Data points represent mean values.
For each [Ca2+](t) transient and fusion clamp architecture, at least N =500,000 stochastic simulations were performed with at least 2000 vesicular

fusion events recorded for each AP.

two different mechanisms: (i) progressive increase of peak
[Ca2t])oca at vesicular release sites due to Ca2™t buffer saturation
and (ii) activation of Syt7 due to increase of [Ca®T ] eqiqua®?®.

We previously estimated Ca?t dynamics at MFB release sites
during high-frequency bursts of APs using a three-dimensional
VCell model?”28. Here we used the previously estimated
[Ca?*t]jpcq transient at the AZ in response to a 100 Hz train of
10 APs as a model input and simulated vesicular release responses
for the three fusion clamp architectures and the benchmark
allosteric model (Fig. 5). In this set of simulations we also
implemented vesicle replenishment after a fixed refractory time of
2.5ms with a rate of k,, =0.02ms™! (as estimated in ref. 25).
Therefore, we used the release efficacy, ny, defined as the
expected number of vesicles exocytosed at a single release site,
intead of p,, to compare vesicular release among different models.

The release efficacy after the first AP predicted by the
benchmark model was in the physiological range,
np(1) =0.026. The allosteric model also replicated short-term
facilitation, with synchronous release at the 10th stimulus
approximately 4-fold higher than at the Ist stimulus,
ny(10)/np(1) = 4.1. This degree of facilitation is somewhat lower
than the values which have been observed experimentally:
nr(10)/np(1) in the range of 5-10828, Indeed, by its design, the
allosteric model accounts for facilitation triggered by increases in
peak [Ca%t]j,cq at vesicular release sites (Fig. 5a) but not the
effect of Syt7 activation resulting from a build-up of [Ca?*] cgiqual-

In the case of a single Sytl clamp (Syt1P) the initial release
efficacy was several-fold higher than in the case of the benchmark
allosteric model, n;(1)=0.07, and the model predicted only
modest facilitation with n;(10)/n(1) =2.5. The addition of a
second Sytl or Syt7 clamp essentially eliminated vesicular fusion

at the 1st AP with ny(1) = 0.0008 for Syt1¥/Syt1T and 0.0015 for
Syt1¥/Syt7T. Consequently, both dual clamp models showed very
strong facilitation, 7,(10)/n,(1) = 20 for Syt1¥/Syt1T and 100 for
Syt1P/Syt7T (Fig. 5a—c).

Considering that neither the single nor the dual clamp
architecture could fully recapitulate all the different facets of
vesicular release at MFBs, we tested if a mixture of single and dual
synaptotagmin clamps could better describe the physiological
data. We considered two models. In both cases, on average, half
of the SNAREpins were clamped by Sytl at the primary interface
only, whilst the remaining SNAREpins had a dual clamp
arrangement with either Sytl or Syt7 at the tripartite interface
(Mixed Sytl model and Mixed Syt7 model respectively, Fig. 6a).
In comparison to the full dual clamp models considered above,
partial removal of the clamp from the tripartite interface
increased the initial release efficacy for individual RRP vesicles
to the physiological level, n(1) = 0.014 for the Mixed Syt1 model
and 0.015 for the Mixed Syt7 model (Fig. 6b, c). Both mixed
models showed prominent short-term facilitation, which was
stronger for the Mixed Syt7 model, n,(10)/n,(1) = 10.6, than the
Mixed Sytl model, n;(10)/n;(1)=6.1. This is because the
progressive increase of peak [Ca21]j,, is the sole determinant of
facilitation in the case of the Mixed Sytl model. In contrast, Syt7
is activated by the elevation of [Ca2%] egqua, Which leads to
progressive removal of Syt7 clamps during the burst in the case of
the Mixed Syt7 model (see also Fig. 4d). This result is consistent
with the decreased short-term facilitation observed in MFB
synapses of Syt7 knockout versus wild-type miceS.

We also tracked the asynchronous release component triggered
by elevated [Ca?™ ] csidua after the AP burst (Fig. 5¢c and Fig. 6d).
As expected, we found that the rate of asynchronous release

COMMUNICATIONS BIOLOGY | (2023)6:1091| https://doi.org/10.1038/s42003-023-05445-2 | www.nature.com/commsbio 7


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05445-2

a 15 b Syt1?P
’2; I 0.20 ¢
2 10}
:’g 5 o e 015+ Allosteric
O =
= ol e \Zg 0.10 | _o®
0.05 | o
__ 016 o—o—*
@ 012} 0lo=8—o—-o oo ¢ |
E oosl _ 1 2 3 45 6 7 8 9 10
2 , 1 1 Allosteric .
®004F ., i l‘ bod Stimulus number (N)
LA AR AN 100
—
<
— 0.16 SytP \:»'1
»n 012t ~ 10 ¢
E oo0s}| 3 .
g 004} - —o——
o ol W
1 L 1 1 1 1 1 1 1 1 1
1.2 3 45 6 7 8 9 10
. 016 Stimulus number (N)
g 012} c
=, 208y — 4t [C"]
8 004} i3
© ol e
Asynchronous release
0.16 Syt1®
w012
é 0.08 Allosteric
ncg 0.04
O L 1 1 1 L 1 1 1 1
0 50 100 150 100 200 300 400 500
Time (ms) Time (ms)

Fig. 5 Modelling vesicular release for single and dual clamp models in response to bursts of action potentials in MFB terminals. a Top, VCell-computed
[Ca2*1(t) transient approximating Ca2*+ dynamics at vesicular release sites in MFB terminals in response to a 10 x 100 Hz AP train (see ref. 28). Bottom,
time course of corresponding vesicular release rates for the benchmark allosteric model and the three fusion clamp architectures. b Top, expected numbers
of vesicles exocytosed at a single release site, ny(N), for each AP of the train, N. Bottom, paired-pulse ratio: release efficacy at each AP normalised to
release efficacy at the first AP, np(N)/n7(1). € Top, [Ca?*t ] esiaual after the 10 x 100 Hz AP train, corresponding to the dashed box in (a). Bottom,
corresponding cumulative asynchronous releases per release site, naq ., for the three fusion clamp architectures and the benchmark allosteric model. Data
points represent mean values. For each [Ca2+](t) transient and fusion clamp architecture at least N =100,000 stochastic simulations were performed

with at least 6000 vesicular fusion events recorded during the AP train.

depended on the fusion clamp architecture. Asynchronous release
was prominent in the single Syt1¥, dual Syt1¥/Syt7T, and Mixed
Sytl and Syt7 models, whereas no asynchronous release was
observed in the case of the dual Syt1¥/Syt1T clamp model.

These results further illustrate that the balance between single
and dual synaptotagmin clamp arrangements could provide a
mechanism for the regulation of both short-term synaptic
plasticity and the kinetics of vesicular release.

Discussion
Our computational analysis shows that the release of inhibition
model, i.e. Ca?T-triggered removal of the SNARE fusion clamp,
can indeed explain the kinetics of evoked neurotransmitter
release. Our simulations further demonstrate that fast SV fusion
requires simultaneous release of inhibition of at least three
SNAREpins. Thus, the kinetics of vesicular fusion depend on how
rapidly this state is reached, which is in turn determined by the
shape and the amplitude of the [Ca2*] transient at the AZ and by
the architecture of the fusion clamp.

Based on the available structural data?!, we considered three
possible limiting cases of the fusion clamp architecture: with a
single Syt1 clamp at the primary interface (Syt1¥) and dual Syt1

and/or Syt7 clamps at primary and tripartite interfaces (Syt1?/
Syt1T and Syt1P/Syt7T). Our analysis shows that the release of a
single or dual synaptotagmin clamp can account for sub-
millisecond kinetics of Ca2*-triggered neurotransmitter exocy-
tosis. Furthermore, the dual binding Syt1P/Syt7T arrangement
also reproduced facilitation of SV exocytosis in response to pairs
or burst of APs. This result shows that the release of inhibition
model also provides a mechanism by which Syt7 can regulate
short-term plasticity.

The functional importance of the primary interface has been
well established, both in live synapses and under reconstitution
conditions?2-23-33.59 In contrast, the relevance of the tripartite
interface remains unclear because the interaction of SNAREs/
synaptotagmins/complexin at this site cannot be measured bio-
chemically and is thus expected to be very weak?1,33:37,60.61
However, considering the high local concentration of the vesi-
cular release machinery components at RRP vesicles, it is rea-
sonable to expect that the tripartite interface can be at least
partially occupied under physiological conditions. In fact, our
simulations argue that the weak interaction at this site may play
an important functional role and the dynamic occupancy of the
tripartite interface by either Sytl or Syt7 could provide direct
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Fig. 6 Mixed single and dual clamp models can describe the kinetics and plasticity of release in MFBs. a \We considered two partial dual clamp models
where on average, 3 out of 6 SNAREpins had a single Syt1P clamp, and the other 3 had dual Syt1P/Syt1T or Syt1P/Syt7T clamps. b Time course of vesicular
release rates for the benchmark allosteric model and the Mixed Syt1 and Mixed Syt7 models in response to the same [Ca2*](t) transient as in Fig. 5a.
¢ Top, expected numbers of vesicles exocytosed at a single release site, ny(N), for each AP of the train, N. Bottom, paired-pulse ratio: release efficacy at
each AP normalised to release efficacy at the first AP, ny(N)/ns(1). d Top, [Ca%* ] esiqua after the 10 x 100 Hz AP train, corresponding to the dashed box in
Fig. 5a. Bottom, corresponding cumulative asynchronous releases per release site, npy ., for the two mixed clamp architectures and the benchmark
allosteric model. Data points represent mean values. For each [Ca2t](t) transient and fusion clamp architecture, at least N =150,000 stochastic
simulations were performed with at least 100,000 vesicular fusion events recorded during the AP train.

control of the kinetics and plasticity of neurotransmitter release
by changing the strength and Ca?*-activation properties of the
SV fusion clamp. Indeed, we find that a mixed model combining
both single and dual clamp architectures can closely describe the
release kinetics and short-term plasticity in response to trains of
APs in hippocampal MFB terminals.

While our parsimonious model describes the key molecular
elements of Ca®*-activation of synaptotagmin and removal of the
fusion clamp, it has several simplifications. We assumed that
release of the fusion clamp occurs simultaneously with Ca?*-
triggered membrane insertion of the C2 domains for both Sytl
and Syt7. This is likely the case for Syt interaction at the primary
interface?4, but the kinetics of synaptotagmin/complexin/SNARE
interactions at the tripartite interface are not currently known.
Similarly, we assumed that restoration of the clamp occurs
instantaneously after reversal of synaptotagmin membrane
insertion. Thus, the current model provides an upper estimate for
the magnitude of synchronous release and lower estimates for
asynchronous release and short-term facilitation. We also note
that in many synapses the degree of short-term facilitation is
determined not only by the activation of Syt7 but also by an
increase in the amplitude of [Ca?*t] transients at the vesicular
release sites during repetitive stimulation. This increase can be

attributed to various phenomena, including buffer saturation®?,
action potential broadening®, Ca2* channel facilitation®* and
Ca?* release from the intracellular stores®>.

For simplicity, we only modelled the activation of Sytl C2B
and Syt7 C2A domains. Considering that the C2A and C2B
domains act synergistically®’, inclusion of the second C2 domains
in the models will increase the overall Ca?*/membrane affinity of
synaptotagmin molecules and the Ca?* cooperativity. At present,
the binding modalities of Syt7 to the SNARE complex remain
unknown; thus, we modelled Syt7 binding to SNAREs via the
tripartite interface based on structural homology?!. However, it is
worth noting that the output for the Syt1/Syt7 dual clamp model
will be the same even if Syt7 binds at a different site. Furthermore,
in addition to the synaptotagmins and canonical SNAREs con-
sidered in our model, different modes of Ca’*-evoked release
might utilise vesicles with distinct compositions of SNAREs and
Ca?™ sensors (e.g. VAMP4%, VAMP7% and Doc270).

Our default model operates on the assumption that SNAREpins,
upon zippering, add energy independently of one another. How-
ever, it is possible that SNAREs on a given RRP vesicle can be
coupled either mechanically*3 or via formation of supramolecular
complexes, e.g. Syt1 oligomerisation!47172, In the framework of the
mechanical coupling model, the partially assembled SNAREpins
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interact with each other via long-range mechanical forces, mediated
by the surrounding scaffolding membranes. Therefore, each
clamped SNAREpin acts as an additional mechanical obstacle for
the fusing membranes, thereby generating a negative feedback loop.
Given that the exact energetic cost of a clamped SNAREpin remains
undefined, we explored the potential influence of this mechanism
by introducing an extra energy barrier of 2 kT for each SNAREpin
(Supplementary Fig. 3). This incorporation of mechanical coupling
increases the number of free SNAREs required to drive fast SV
fusion from approximately three to four. Consequently, this led to a
substantial decrease in the SV fusion rate for [Ca?*] below 8 uM.
However, it did not significantly alter the peak release rate for more
physiological [Ca?*] at or above 8 uM.

Formation of Sytl oligomers has been shown to strengthen the
fusion clamp and inhibit spontaneous release’!73, Indeed, in our
model we adopted an idealised representation of the fusion
clamp, which is only released upon Ca?*-activation of synapto-
tagmin molecules (Fig. 1). Nevertheless, it is conceivable that
some of the SNAREpins might be spontaneously released from
the fusion clamp, even without the Ca?* signal. To investigate the
potential impact of this mechanism, we varied the probability that
a given SNAREpin is free from fusion clamp at resting conditions
(Supplementary Fig. 4). This variation resulted in an increase of
spontaneous release rate but did not significantly change the
evoked release in response to [Ca?*] steps above 4-8 uM for all
the clamp architectures tested.

The multifaceted interplay of mechanical coupling, high-order
structural organisation of release machinery and the membrane
remodelling activities of Sytl that occur after the release of
inhibition!>-2! are yet to be thoroughly explored. Nevertheless,
the current model can be easily modified to implement any of the
above mechanisms as well as other fusion clamp architectures.
Therefore, the developed modelling framework provides a pow-
erful and adaptable tool to complement experimental work and
gain insights into how the presynaptic vesicular release machinery
decodes Ca?* signals and translates them into complex patterns
of neurotransmitter release.

Methods

Release of inhibition model parameters. We considered that
within the physiological range of [Ca?*] observed at the presynaptic
AZ (~50 nM-200 uM) Sytl and Syt7 C2 domains can bind two Ca?*
ions independently, with similar intrinsic affinities K; ~150 pM*44.
It has been shown that the rate of Ca?* binding by synaptotagmin
C2 domains is limited by diffusion (~0.1-10 yM~! ms~1)*8, There-
fore, we assumed k., =1uM~!ms~1. Because of the symmetry
between the free and fully Ca?t-bound states (S, and S,, respectively,
in the kinetic scheme Fig. 1b), the dissociation rate constant can be
expressed as kg = k,, - Kp, which yielded kg = 150 ms~! based
on the intrinsic Ca?* affinity K; = 150 uM. The characteristic time
for synaptotagmin C2 domain rotation and membrane insertion has
previously been estimated as ~10 ps!4, which corresponds to a rate of
k,, = 100 ms~ L. Exponential rate constants describing the apparent
rates of C2 domain dissociation from lipid membranes (ky,) were
previously measured in the presence of EGTA using stopped-flow
experiments and reported to be in the ranges of 0.38-0.7 ms~! for
Sytl and 0.008-0.02ms™! for Syt746-48, We used representative
values of kg, =0.5ms™! for Sytl and kg, = 0.015ms™! for Syt7.
As demonstrated in Supplementary Note 1, the relationship between
the actual rates at which C2 domain aliphatic loops dissociate from
the membrane in our model (k,,) and the experimentally deter-

mined apparent rate kg, can be approximated as
k

kou = Kaies(1 — —5-). This yields k,, =0.67ms™" for Sytl and

k,=002ms™! for Syt7. The Ca’t and membrane binding

out

properties of Sytl and Syt7 used in the model are summarised in
Supplementary Table 1.

The rate of SNARE-mediated SV fusion was determined by
assuming that the repulsive forces between a docked SV and the
plasma membrane amount to an energy barrier of E, =26 kpT42,
Overcoming this barrier requires bringing the SV to within
around 1-2 nm of the plasma membrane such that membrane
fusion is spontaneously induced!4. The full assembly of a single
SNARE complex from a half-zippered state has been estimated to
provide AE = 4.5 kgT of work towards overcoming the resting
energy barrier*3. We assumed that AE is made immediately
available to the vesicle in the form of potential energy when a
SNAREpin is freed from its synaptotagmin clamp, effectively
lowering the energy barrier to membrane fusion. Thus, with n
uninhibited SNAREpins, the barrier to fusion has a height of
E, — nAE and is spontaneously overcome through thermal

fluctuations at a rate given by the Arrhenius equation R.(n) =

A-exp(—%) (Fig. 1c). We estimated

A=2.17x10°s"1, considering that a single SNARE complex
can mediate fusion in vitro on a time scale of 1 s1443,

the pre-factor

Implementation of stochastic simulations. All simulations and
analysis were carried out in MATLAB 2020b, The MathWorks,
Inc. The predicted responses of the release of inhibition models
and the benchmark allosteric model to input [Ca2t](t) traces
were generated by Monte Carlo estimation from multiple sto-
chastic simulations. Specifically, we used the direct Gillespie
algorithm#® which proceeds by iteratively generating a rando-
mised time at which the system next changes its state and then
randomly selecting the identity of the new state. The Ca?t
binding and SV fusion dynamics of the allosteric model were
described by a six-state kinetic scheme with a single occupied
state which is updated at each step of the algorithm. The release
of inhibition models consisted of either six (in the case of Syt1P)
or twelve (in the cases of Syt1P/Syt1T and Syt1P/Syt7T) four-state
kinetic schemes (Fig. 1b), one for each Syt C2 domain. Rather
than updating a unique state in the resultant macroscopic Markov
chain which had either 4 or 412 states, we monitored each
synaptotagmin C2 domain concurrently and updated one of their
states according to the algorithm. We assumed that at the start of
each simulation both the Ca?* sensor in the benchmark allosteric
model and all SNARE-associated synaptotagmin C2 domains in
the release of inhibition models were in the Ca?* unbound state.

In simulations shown in Figs. 2-4 we did not include the
mechanism for vesicle replenishment and individual stochastic
simulations terminated when vesicle fusion occurred. In simula-
tions describing vesicular release in response to a 10 x 100 Hz AP
train we included a mechanism for SV replenishment. Upon
vesicle fusion the release site remained unoccupied for a fixed
refractory time of 2.5 ms after which a SV was replenished in the
initial state with the rate of k.., = 0.02 ms~1, as was estimated in
our previous work?8,

For each scenario, the collection of stochastic simulations
yielded a set of times at which SV fusion occurred. We used the
cumulative count of these vesicle fusion times, normalised to the
total number of stochastic simulations, as an estimate for the
expected cumulative number of vesicles exocytosed at a single
release site by time ¢ (np(¢)). In the absence of vesicle
replenishment n;(f) corresponds to the cumulative vesicular
release probability p (). In production, n(t) was calculated by
gathering release event times into a histogram with an adaptive
bin width to capture the features of release kinetics at different

temporal scales. The release rate was estimated as % with a
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moving average smoothing applied to limit the sensitivity of
peaks to stochastic variation.

Statistics and reproducibility. In order to assess the accuracy of
these release estimates generated using the Monte Carlo
approach, we compared the n(t) values obtained from stochastic
simulations of the benchmark allosteric model to the #n(f) values
obtained by the numerical solution of the allosteric model’s dif-
ferential master equations. Given a set of N release events, we
found that the normalised root mean squared error in Monte
Carlo predictions converged at a rate of approximately %ﬁ

(Supplementary Fig. 5). For each scenario considered with both
the allosteric and release of inhibition models, by default, sto-
chastic simulations were set to continue until 10° release events
had been recorded. This corresponded to an average error of less
than 0.1%. However, due to resource constraints and differences
in computational demand between scenarios, this was not always
achieved, and the total number of simulated release events varied.
Across all scenarios, the minimum number of release events
recorded was 2250 (Syt1P/Syt1T at a 2 uM step), corresponding to
an average error of less than 1%, making this the expected upper
limit of prediction errors due to stochastic variation.

Simulation of [Ca2'] transients within a presynaptic terminal.
Three-dimensional modelling of AP-evoked presynaptic Ca2t
influx, buffering, diffusion and extrusion was performed in the
Virtual Cell (VCell) simulation environment (vcell.org) as descri-
bed in detail in our previous studies. Specifically, [Ca2t](¢) tran-
sients approximating Ca>* dynamics at the AZ of small excitatory
boutons (Figs. 3 and 4) and MFB terminals (Figs. 5 and 6) were
computed using the VCell models described in ref. 2° and ref. 28
respectively. The properties of endogenous Ca2t buffers used in
the model were previously estimated in refs. 7480, and are shown
in Supplementary Table 2.

Reporting summary. Further information on research design is
available in the Nature Portfolio Reporting Summary linked to
this article.

Data availability
The data for the figures is provided with the code and any remaining information can be
obtained on request from the corresponding authors.

Code availability
Custom MATLAB codes are provided with the paper within Norman_et_al_code.zip or
can be accessed at this GitHub repository.

Received: 12 April 2023; Accepted: 11 October 2023;
Published online: 27 October 2023

References

1. Sollner, T. et al. SNAP receptors implicated in vesicle targeting and fusion.
Nature 362, 318-324 (1993).

2. Weber, T. et al. SNAREpins: minimal machinery for membrane fusion. Cell
92, 759-772 (1998).

3. Sudhof, T. C. Neurotransmitter release: the last millisecond in the life of a
synaptic vesicle. Neuron 80, 675-690 (2013).

4. Sudhof, T. C. & Rothman, J. E. Membrane fusion: grappling with SNARE and
SM proteins. Science 323, 474-477 (2009).

5. Kaeser, P. S. & Regehr, W. G. Molecular mechanisms for synchronous,
asynchronous, and spontaneous neurotransmitter release. Annu. Rev. Physiol.
76, 333-363 (2014).

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Reyes, A. et al. Target-cell-specific facilitation and depression in neocortical
circuits. Nat. Neurosci. 1, 279-285 (1998).

Abbott, L. F. & Regehr, W. G. Synaptic computation. Nature 431, 796-803
(2004).

Jackman, S. L., Turecek, J., Belinsky, J. E. & Regehr, W. G. The calcium sensor
synaptotagmin 7 is required for synaptic facilitation. Nature 529, 88-91 (2016).
Bacaj, T. et al. Synaptotagmin-1 and synaptotagmin-7 trigger synchronous
and asynchronous phases of neurotransmitter release. Neuron 80, 947-959
(2013).

Huson, V. & Regehr, W. G. Diverse roles of Synaptotagmin-7 in regulating
vesicle fusion. Curr. Opin. Neurobiol. 63, 42-52 (2020).

Jackman, S. L. & Regehr, W. G. The mechanisms and functions of synaptic
facilitation. Neuron 94, 447-464 (2017).

Brunger, A. T., Leitz, J., Zhou, Q., Choi, U. B, & Lai, Y. Ca(2+)-triggered
synaptic vesicle fusion initiated by release of inhibition. Trends Cell Biol. 10,
631-645 (2018).

Volynski, K. E. & Krishnakumar, S. S. Synergistic control of neurotransmitter
release by different members of the synaptotagmin family. Curr. Opin.
Neurobiol. 51, 154-162 (2018).

Rothman, J. E., Krishnakumar, S. S., Grushin, K. & Pincet, F. Hypothesis -
buttressed rings assemble, clamp, and release SNAREpins for synaptic
transmission. FEBS Lett. 591, 3459-3480 (2017).

Hui, E., Johnson, C. P., Yao, J., Dunning, F. M. & Chapman, E. R.
Synaptotagmin-mediated bending of the target membrane is a critical step in
Ca(2+)-regulated fusion. Cell 138, 709-721 (2009).

Martens, S., Kozlov, M. M. & McMahon, H. T. How synaptotagmin promotes
membrane fusion. Science 316, 1205-1208 (2007).

Wu, Z. & Schulten, K. Synaptotagmin’s role in neurotransmitter release likely
involves Ca(2+)-induced conformational transition. Biophys. J. 107,
1156-1166 (2014).

Arac, D. et al. Close membrane-membrane proximity induced by Ca(2+)-
dependent multivalent binding of synaptotagmin-1 to phospholipids. Nat.
Struct. Mol. Biol. 13, 209-217 (2006).

Ma, L. et al. Single-molecule force spectroscopy of protein-membrane
interactions. Elife 6, 30493 (2017). piie30493.

van den Bogaart, G. et al. Synaptotagmin-1 may be a distance regulator acting
upstream of SNARE nucleation. Nat. Struct. Mol. Biol. 18, 805-812 (2011).
Zhou, Q. et al. The primed SNARE-complexin-synaptotagmin complex for
neuronal exocytosis. Nature 548, 420-425 (2017).

Zhou, Q. et al. Architecture of the synaptotagmin-SNARE machinery for
neuronal exocytosis. Nature 525, 62-67 (2015).

Lai, Y. et al. Inhibition of calcium-triggered secretion by hydrocarbon-stapled
peptides. Nature 603, 949-956 (2022).

Grushin, K. et al. Structural basis for the clamping and Ca(2+) activation of
SNARE-mediated fusion by synaptotagmin. Nat. Commun. 10, 2413-10391
(2019).

Brewer, K. D. et al. Dynamic binding mode of a Synaptotagmin-1-SNARE
complex in solution. Nat. Struct. Mol. Biol. 22, 555-564 (2015).

Mendonca, P. R. F. et al. Asynchronous glutamate release is enhanced in low
release efficacy synapses and dispersed across the active zone. Nat. Commun.
13, 3497 (2022).

Chamberland, S. et al. Slow-decaying presynaptic calcium dynamics gate long-
lasting asynchronous release at the hippocampal mossy fiber to CA3
pyramidal cell synapse. Synapse 74, 22178 (2020).

Chamberland, S., Timofeeva, Y., Evstratova, A., Volynski, K. & Toth, K. Action
potential counting at giant mossy fiber terminals gates information transfer in
the hippocampus. Proc. Natl Acad. Sci. USA 115, 7434-7439 (2018).
Timofeeva, Y. & Volynski, K. E. Calmodulin as a major calcium buffer shaping
vesicular release and short-term synaptic plasticity: facilitation through buffer
dislocation. Front Cell Neurosci. 9, 239 (2015). eCollection@2015., 239.
Ermolyuk, Y. S. et al. Differential triggering of spontaneous glutamate release
by P/Q-, N- and R-type Ca(2+) channels. Nat. Neurosci. 16, 1754-1763
(2013).

Sinha, R, Ahmed, S., Jahn, R. & Klingauf, J. Two synaptobrevin molecules are
sufficient for vesicle fusion in central nervous system synapses. Proc. Natl
Acad. Sci. USA 108, 14318-14323 (2011).

Mohrmann, R., de Wit, H., Verhage, M., Neher, E. & Serensen, J. B. Fast
vesicle fusion in living cells requires at least three SNARE complexes. Science
330, 502-505 (2010).

Ramakrishnan, S., Bera, M., Coleman, J., Rothman, J. E. & Krishnakumar, S. S.
Synergistic roles of Synaptotagmin-1 and complexin in calcium-regulated
neuronal exocytosis. Elife 9, 54506 (2020). €54506.

Radhakrishnan, A. et al. Symmetrical arrangement of proteins under release-
ready vesicles in presynaptic terminals. Proc. Natl Acad. Sci. USA 118,
€2024029118 (2021).

Paddock, B. E. et al. Membrane penetration by synaptotagmin is required for
coupling calcium binding to vesicle fusion in vivo. J. Neurosci. 31, 2248-2257
(2011).

COMMUNICATIONS BIOLOGY | (2023)6:1091| https://doi.org/10.1038/s42003-023-05445-2 | www.nature.com/commsbio 1


https://github.com/ChrisAlexNorman/SytSim_Matlab
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05445-2

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Rhee, J. S. et al. Augmenting neurotransmitter release by enhancing the
apparent Ca2+- affinity of synaptotagmin 1. Proc. Natl Acad. Sci. USA 102,
18664-18669 (2005).

Voleti, R., Jaczynska, K. & Rizo, J. Ca(2+)-dependent release of
synaptotagmin-1 from the SNARE complex on phosphatidylinositol 4,5-
bisphosphate-containing membranes. Elife 9, e57154 (2020). e57154.
Mackler, J. M., Drummond, J. A., Loewen, C. A., Robinson, I. M. & Reist, N. E.
The C(2)B Ca(2+)-binding motif of synaptotagmin is required for synaptic
transmission in vivo. Nature 418, 340-344 (2002).

Xu, J., Pang, Z. P., Shin, O. H. & Sudhof, T. C. Synaptotagmin-1 functions as a
Ca2+ sensor for spontaneous release. Nat. Neurosci. 12, 759-766 (2009).
Bai, J., Tucker, W. C. & Chapman, E. R. PIP2 increases the speed of response
of synaptotagmin and steers its membrane-penetration activity toward the
plasma membrane. Nat. Struct. Mol. Biol. 11, 36-44 (2004).

Perez-Lara, A. et al. PtdInsP2 and PtdSer cooperate to trap synaptotagmin-1
to the plasma membrane in the presence of calcium. Elife 5, e15886 (2016).
Francois-Martin, C., Rothman, J. E. & Pincet, F. Low energy cost for optimal
speed and control of membrane fusion. Proc. Natl Acad. Sci. USA 114,
1238-1241 (2017).

Manca, F. et al. SNARE machinery is optimized for ultrafast fusion. Proc. Natl
Acad. Sci. USA 116, 2435-2442 (2019).

Radhakrishnan, A., Stein, A., Jahn, R. & Fasshauer, D. The Ca2+ affinity of
synaptotagmin 1 is markedly increased by a specific interaction of its C2B
domain with phosphatidylinositol 4,5-bisphosphate. J. Biol. Chem. 284,
25749-25760 (2009).

Voleti, R., Tomchick, D. R,, Sudhof, T. C., & Rizo, J. Exceptionally tight
membrane-binding may explain the key role of the synaptotagmin-7 C2A
domain in asynchronous neurotransmitter release. Proc. Natl Acad. Sci. USA
https://doi.org/10.1073/pnas.1710708114 (2017).

Hui, E. et al. Three distinct kinetic groupings of the synaptotagmin family:
candidate sensors for rapid and delayed exocytosis. Proc. Natl Acad. Sci. USA
102, 5210-5214 (2005).

Brandt, D. S., Coffman, M. D., Falke, J. J. & Knight, J. D. Hydrophobic
contributions to the membrane docking of synaptotagmin 7 C2A domain:
mechanistic contrast between isoforms 1 and 7. Biochemistry 51, 7654-7664
(2012).

Davis, A. F. et al. Kinetics of synaptotagmin responses to Ca2+ and assembly
with the core SNARE complex onto membranes. Neuron 24, 363-376 (1999).
Gillespie, D. T. Exact stochastic simulation of coupled chemical reactions. J.
Phys. Chem. 81, 2340-2361 (1977).

Schneggenburger, R. & Neher, E. Intracellular calcium dependence of
transmitter release rates at a fast central synapse. Nature 406, 889-893 (2000).
Bollmann, J. H., Sakmann, B. & Borst, J. G. Calcium sensitivity of glutamate
release in a calyx-type terminal. Science 289, 953-957 (2000).

Lou, X,, Scheuss, V. & Schneggenburger, R. Allosteric modulation of the
presynaptic Ca2+ sensor for vesicle fusion. Nature 435, 497-501 (2005).
Sun, J. et al. A dual-Ca2+-sensor model for neurotransmitter release in a
central synapse. Nature 450, 676-682 (2007).

Bucurenciu, L., Kulik, A., Schwaller, B., Frotscher, M. & Jonas, P. Nanodomain
coupling between Ca2+ channels and Ca2+ sensors promotes fast and efficient
transmitter release at a cortical GABAergic synapse. Neuron 57, 536-545 (2008).
Vyleta, N. P. & Jonas, P. Loose coupling between Ca2+ channels and release
sensors at a plastic hippocampal synapse. Science 343, 665-670 (2014).
Nadkarni, S., Bartol, T. M., Sejnowski, T. J. & Levine, H. Modelling vesicular
release at hippocampal synapses. PLoS Comput. Biol. 6, €1000983 (2010).
Zucker, R. S. & Regehr, W. G. Short-term synaptic plasticity. Annu. Rev.
Physiol. 64, 355-405 (2002). 355-405.

Evstratova, A. & Toth, K. Information processing and synaptic plasticity at
hippocampal mossy fiber terminals. Front Cell Neurosci. 8, 28 (2014).

Lai, Y. et al. Molecular mechanisms of synaptic vesicle priming by Muncl3
and Muncl8. Neuron 95, 591-607 (2017).

Jaczynska, K. et al. Analysis of tripartite Synaptotagmin-1-SNARE-complexin-
1 complexes in solution. FEBS Open. Bio(2022).

Brunger, A. T. & Leitz, ]. The core complex of the Ca(2+)-triggered
presynaptic fusion machinery. J. Mol. Biol. https://doi.org/10.1016/j.jmb.2022.
167853 (2022).

Matveev, V., Zucker, R. S. & Sherman, A. Facilitation through buffer
saturation: constraints on endogenous buffering properties. Biophys. J. 86,
2691-2709 (2004).

Jackson, M. B., Konnerth, A. & Augustine, G. J. Action potential broadening
and frequency-dependent facilitation of calcium signals in pituitary nerve
terminals. Proc. Natl Acad. Sci. USA 88, 380-384 (1991).

Mochida, S., Few, A. P., Scheuer, T. & Catterall, W. A. Regulation of
presynaptic ca(v)2.1 channels by ca(2+) sensor proteins mediates short-term
synaptic plasticity. Neuron 57, 210-216 (2008).

Emptage, N. J., Reid, C. A. & Fine, A. Calcium stores in hippocampal synaptic
boutons mediate short-term plasticity, store-operated Ca2+ entry, and
spontaneous transmitter release. Neuron 29, 197-208 (2001).

66. Singh, N., Bartol, T., Levine, H., Sejnowski, T. & Nadkarni, S. Presynaptic
endoplasmic reticulum regulates short-term plasticity in hippocampal
synapses. Commun. Biol. 4, 241 (2021).

67. Wu, Z. et al. Polybasic patches in both C2 domains of synaptotagmin-1 are
required for evoked neurotransmitter release. J. Neurosci. 42, 5816-5829
(2022).

68. Raingo, J. et al. VAMP4 directs synaptic vesicles to a pool that selectively
maintains asynchronous neurotransmission. Nat. Neurosci. 15, 738-745
(2012).

69. Scheuber, A. et al. Loss of AP-3 function affects spontaneous and evoked
release at hippocampal mossy fiber synapses. Proc. Natl Acad. Sci. USA 103,
16562-16567 (2006).

70. Yao, J., Gaffaney, J. D., Kwon, S. E. & Chapman, E. R. Doc2 is a Ca2+ sensor
required for asynchronous neurotransmitter release. Cell 147, 666-677
(2011).

71. Tagliatti, E. et al. Synaptotagmin 1 oligomers clamp and regulate different
modes of neurotransmitter release. Proc. Natl Acad. Sci. USA 117, 3819-3827
(2020).

72. Wang, J. et al. Calcium sensitive ring-like oligomers formed by
synaptotagmin. Proc. Natl Acad. Sci. USA https://doi.org/10.1073/pnas.
141584911 (2014).

73. Courtney, K. C. et al. Synaptotagmin 1 oligomerization via the juxtamembrane
linker regulates spontaneous and evoked neurotransmitter release. Proc. Natl.
Acad. Sci. USA 118, 1-12 (2021).

74. Eggermann, E., Bucurenciu, I., Goswami, S. P. & Jonas, P. Nanodomain
coupling between Ca(2+) channels and sensors of exocytosis at fast
mammalian synapses. Nat. Rev. Neurosci. 13, 7-21 (2011).

75. Naraghi, M. T-jump study of calcium binding kinetics of calcium chelators.
Cell Calcium 22, 255-268 (1997).

76. Nagerl, U. V., Novo, D., Mody, I. & Vergara, J. L. Binding kinetics of
calbindin-D(28k) determined by flash photolysis of caged Ca(2+). Biophys. J.
79, 3009-3018 (2000).

77. Goswami, S. P., Bucurenciu, I. & Jonas, P. Miniature IPSCs in Hippocampal
Granule Cells Are Triggered by Voltage-Gated Ca2+ Channels via
Microdomain Coupling. J. Neurosci. 32, 14294-14304 (2012).

78. Meinrenken, C. J., Borst, J. G. & Sakmann, B. Calcium secretion coupling at
calyx of held governed by nonuniform channel-vesicle topography. J.
Neurosci. 22, 1648-1667 (2002).

79. Faas, G. C, Raghavachari, S., Lisman, J. E. & Mody, I. Calmodulin as a direct
detector of Ca2+ signals. Nat. Neurosci. 14, 301-304 (2011).

80. Xia, Z. & Storm, D. R. The role of calmodulin as a signal integrator for
synaptic plasticity. Nat. Rev. Neurosci. 6, 267-276 (2005).

Acknowledgements

We are grateful to Drs Dimitri Kullmann, James Rothman and Katalin Toth for reading
the manuscript and providing critical feedback. This work was supported by UKRI MRC
Project Grant MR/T002786/1 (Y.T. and K.E.V.), UKRI BBSRC/NC3R Project Grant NC/
X002233/1 (K.E.V.), National Institute of Health (NIH) grant NS133091 (S.S.K. and
K.E.V.) and EPSRC Mathematics for Real-World Systems II Centre for Doctoral
Training EP/S007016/1 (C.A.N. and Y.T.). The Virtual Cell is supported by NIH Grant
R24 GM137787 from the National Institute for General Medical Sciences.

Author contributions

Design and conceptualisation: C.A.N., S.S.K,, Y.T. and K.E.V. Constraining model
parameters: C.A.N., S.S.K. and K.E.V. Implementation of the computational model:
C.AN. and Y.T. Performing simulations: C.A.N. Writing paper, review and editing
C.AN, SSK, Y.T. and KE.V.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/542003-023-05445-2.

Correspondence and requests for materials should be addressed to Shyam S.
Krishnakumar, Yulia Timofeeva or Kirill E. Volynski.

Peer review information Communications Biology thanks Hugues Berry and the other
anonymous reviewer(s) for their contribution to the peer review of this work. Primary
Handling Editors: Jonathan Touboul and Gene Chong. A peer review file is available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

COMMUNICATIONS BIOLOGY | (2023)6:1091 | https://doi.org/10.1038/s42003-023-05445-2 | www.nature.com/commsbio


https://doi.org/10.1073/pnas.1710708114
https://doi.org/10.1016/j.jmb.2022.167853
https://doi.org/10.1016/j.jmb.2022.167853
https://doi.org/10.1073/pnas.141584911
https://doi.org/10.1073/pnas.141584911
https://doi.org/10.1038/s42003-023-05445-2
http://www.nature.com/reprints
www.nature.com/commsbio

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-023-05445-2

ARTICLE

Open Access This article is licensed under a Creative Commons

37 Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

COMMUNICATIONS BIOLOGY | (2023)6:1091 | https://doi.org/10.1038/s42003-023-05445-2 | www.nature.com/commsbio

13


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsbio
www.nature.com/commsbio

	The release of inhibition model reproduces kinetics and plasticity of neurotransmitter release in central synapses
	Results
	Computational implementation of the release of inhibition�model
	The release of inhibition model describes the kinetics of vesicular release at the calyx of Held giant synapse
	The release of inhibition model recapitulates synchronous release in response to AP-evoked [Ca2+] transients at�the AZ
	The release of the inhibition model reproduces Syt7-dependent short-term facilitation
	Mixed single and dual fusion clamp models can recapitulate vesicular release properties at plastic synapses

	Discussion
	Methods
	Release of inhibition model parameters
	Implementation of stochastic simulations
	Statistics and reproducibility
	Simulation of [Ca2+] transients within a presynaptic terminal
	Reporting summary

	Data availability
	References
	Code availability
	References
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




