VU Research Portal

Kinetic models for synaptic vesicle release
Schotten, S.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Schotten, S. (2016). Kinetic models for synaptic vesicle release. [PhD-Thesis - Research and graduation
internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.
E-mail address:
vuresearchportal.ub@vu.nl

Download date: 09. Jan. 2023

CHAPTER

3

Synaptotagmin-1 clamps spontaneous release
independently of effects on the energy barrier for synaptic
vesicle fusion

Sebastiaan Schotten1,∗ , Marieke Meijer1,∗ , Rien Dekker1 , Mirelle ter Veer1 , Marvin
Ruiter1 , Jan van Weering1 , Matthijs Verhage1 , L. Niels Cornelisse1
1

Department of Functional Genomics, Center for Neurogenomics and Cognitive Research, Neuroscience Campus Amsterdam, Vrije Universiteit (VU) Amsterdam and
VU Medical Center, 1081HV Amsterdam, The Netherlands
∗

these authors contributed equally to this study

Chapter 3

Syt-1 clamps independently of fusion energy barrier effects

Abstract
Synaptotagmin-1 (Syt-1) has been found to play both a stimulating and inhibitory role during synaptic vesicle fusion. Removal of Syt-1 abolishes the
fast phase of action potential-induced release, making it the Ca2+ sensor for
synchronous vesicle release, but potentiates spontaneous and action potential
induced asynchronous release. It is still a matter of debate whether this clamping by Syt-1 in WT neurons occurs directly via the energy barrier for vesicle
fusion, which primed vesicles have to overcome in order to fuse with the presynaptic plasma, or through inhibition of other (unidentified) Ca2+ sensors. Here
we study this issue using excitatory postsynaptic current responses induced by
various concentrations of hypertonic sucrose, which are fitted in order to determine the activation energy for synaptic vesicle fusion in both WT and Syt-1 KO
neurons. Despite an increased spontaneous release rate, we find that deletion
of Syt-1 has no fusion energy barrier-reducing effect for sucrose concentrations
ranging from 0.25M to 1.0M. This supports the hypothesis that the clamping
activity of Syt-1 is not directly on the fusion reaction itself but probably via
inhibition of other Ca2+ sensors for synaptic vesicle fusion.

3.1

Introduction

Fusion of neurotransmitter-containing vesicles from the presynapse occurs in
three modes: synchronous (fast) release, which is triggered within a few milliseconds following action potential (AP) stimulation; asynchronous (slow) release,
which is also AP-triggered but extends over hundreds of milliseconds; and spontaneous release, which occurs in the absence of stimulation. The last mode is
observable as the fusion of single vesicles, which results in miniature excitatory
postsynaptic currents (mEPSCs). Ca2+ , having a host of regulatory functions
in the presynapse, is known to be involved in all three forms of release, and
to bind to proteins which directly or indirectly regulate the activation energy
for synaptic vesicle fusion, such as calmodulin, Munc13 and calcium sensors for
exocytosis [44, 48, 57, 87, 140].
An important class of Ca2+ sensors is formed by the Synaptotagmin (Syt)
family, a set of membrane proteins which contain two C2 domains and are capable of binding to SNARE complexes [175, 176]. Half of the Syts (Syt-1, -2,
-3, -6, -7, -9 and -10) is capable of binding phospholipids in a Ca2+ -dependent
manner via their C2 domains, and a subset of these isoforms (Syt-1, -2, -7 and
-9) is implicated in one or more modes of neurosecretion [30,175,176]. Syt-1, the
Ca2+ sensor for synchronous vesicle release in hippocampal neurons [36], is very
efficient at increasing the vesicle fusion rate by several orders of magnitude when
activated by high concentrations of local calcium, thereby allowing fast release
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of vesicles during AP stimulation [132]. While Syt-1 is primarily expressed in
the forebrain, Syt-2, the closest homolog of Syt-1, has a similar function in the
hindbrain and the spinal cord [37]. Remarkably, deletion of Syt-1 and Syt-2 in
a number of preparations not only reveals a complete loss of the synchronous
release phase and an increased asynchronous release phase [177]; it also increases
the rate of spontaneous vesicle fusion more than twofold [178–181].
Despite the fact that Syt-1 is one of the best-studied presynaptic proteins
(for reviews, see [182, 183]), it is still debated by what mechanism Syt-1 exerts
its inhibiting action on spontaneous and asynchronous release. One hypothesis claims that Syt-1 contributes to (i.e. constitutes part of) the fusion energy
barrier, thus clamping the spontaneous release of synaptic vesicles [176]. This
clamping function of Syt-1 is in agreement with results from liposome fusion
assays, where spontaneous membrane fusion has been shown to occur when only
SNARE proteins are present, while addition of Syt-1 arrests assembly of the
SNARE complex [35, 103, 179, 184]. In another (possibly congruent) scenario,
Syt-1 has been proposed to act as a distance regulator between vesicle and
plasma membrane, preventing vesicle-bound synaptobrevin from binding to an
activated SNARE complex [139, 185, 186], thereby also contributing to the fusion energy barrier. According to this model a Ca2+ trigger would lead to Syt-1
binding to the plasma membrane, closing the gap between the SNARE proteins
which then can zipper up and drive vesicle fusion. In these cases, deletion of
Syt-1 is expected to lower the fusion energy barrier and increase spontaneous
release. Alternatively, Syt-1 could clamp spontaneous release by outcompeting
other Ca2+ sensors for the binding of a common substrate, such as the SNARE
complex [176]. One study in the calyx of Held synapse found evidence for Syt-2
to strongly suppress the action of second Ca2+ sensor [37], while another study
in cortical neurons showed complexin to work in conjunction with Syt-1, resulting in a clamp on release by blocking a secondary Ca2+ sensor [163]. In this
scenario, deletion of Syt-1 does not affect the energy barrier for synaptic vesicle fusion but increases spontaneous and asynchronous release by unclamping a
second sensor more sensitive to [Ca2+ ]global .
In order to investigate whether Syt-1 clamps spontaneous and asynchronous
release via an effect on the energy barrier for synaptic vesicle fusion we fitted
a vesicle state model to synaptic response induced with various concentrations
of hypertonic sucrose (HS) in WT and Syt-1 deficient neurons. This method
allows us to separate RRP size effects from changes in the release rate constant,
which is related to the activation energy for vesicle fusion via the Arrhenius
equation [187]. We find that, while Syt-1-deficient neurons display an increased
mEPSC frequency (despite a 42% reduction in the RRP), the energy barrier for
synaptic vesicle fusion is not reduced in hippocampal autapses. These findings
are confirmed in separate experiments where Syt-1 is acutely knocked down (Syt1 KD), and provide support for the idea that clamping of spontaneous release
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by Syt-1 does not occur via an effect on the fusion energy barrier but possibly
via another clamping mechanism.

3.2
3.2.1

Results
Synaptotagmin-1-deficient neurons display normal morphology, but altered ultrastructure

Deletion of Syt-1 is known to reduce docking in chromaffin cells, in hippocampal
synapses and in the C. Elegans neuromuscular junction [14,188,189], and to affect
the RRP size in some preparations, but not in others [62, 67, 147, 190, 191]. We
set out to compare both the morphological and ultrastructural characteristics in
autaptic cultures of WT and Syt-1 KO hippocampal neurons, in order to test for
any observable differences at this level. First, we performed immunofluorescence
analysis to investigate whether deletion of Syt-1 affects neuronal morphology. No
discrepancies in morphological characteristics between autaptic WT and Syt1 KO hippocampal neurons were revealed: the number of synapses, the total
dendrite length and the number of branches were found to be unchanged in
Syt-1 KO neurons (fig. 3.1A). These observations were confirmed in neurons
where Syt-1 has been acutely knocked down (suppl. fig. 3.2A). We proceeded to
analyse the ultrastructural characteristics of individual synapses by EM, which
showed a 33% reduction in the number of docked vesicles per synapse for Syt-1
KO neurons (fig. 3.1B). However, combined with a concomitant 28% reduction
in active zone length, this resulted in an unchanged density of docked vesicles at
the active zone (fig. 3.1B). Moreover, the total number of vesicles per synapse
was reduced by 37% in Syt-1 KO neurons, mirroring the decrease in number of
docked vesicles per synapse (fig. 3.1B). Altogether, these findings point towards
fewer releasable vesicles per synapse, caused by a downscaling of the presynaptic
structure as a whole.

3.2.2

Spontaneous release is increased after deletion of
Syt-1 despite a reduction in RRP size in hippocampal autapses

Next, we performed whole-cell patch clamp recordings to study the effect of Syt1 deletion on spontaneous release and RRP size. Since the number of docked
vesicles is known to correlate with RRP size [12, 192], we investigated whether
RRP size was also reduced in Syt-1-deficient neurons. To test this, we quantified the RRP size from responses to 0.5M HS using our method for fitting
HS-induced EPSCs [26]. Indeed, we found the RRP size in Syt-1 KO neurons
to be significantly reduced by 42%, in close agreement with the EM-result (fig.
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Figure 3.1: Syt-1 KO neurons display normal neuronal morphology, but have an
altered ultrastructure. (A) Immunofluorescence analysis of autaptic neurons reveals no
difference in the number of synapses, the dendrite length and the number of branches
as found by Sholl analysis between WT and Syt-1 KO neurons (scale bar, 100µm).
(B) Ultrastructural analysis using EM (scale bar, 0.1µm) shows that the number of
docked vesicles per synapse and the active zone length are significantly reduced in Syt1 KO neurons, while the density of docked vesicles at the active zone is unchanged and
the total number of vesicles per synapse is reduced. The number of neurons used is
indicated in each bar, while the total number of synapses analysed is nsyn,WT = 154,
nsyn,SytKO = 153.

3.2A–B). This deficiency was fairly consistent over the weeks the experiments
were executed — however, during one of these weeks, the average WT and Syt-1
KO RRP size were similar (WT: 1.82 ± 0.42 nC, nWT = 7; Syt-1 KO: 1.71 ±
0.28 nC, nSytKO = 5). The mEPSCs recorded in the same cells showed a 2.5-fold
increase in spontaneous release frequency (fig. 3.2A,C). As with the RRP size,
the observed increase in mEPSC frequency was fairly consistent over the weeks
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the experiments were executed — however, again during one of these weeks, the
average WT and Syt-1 KO mEPSC frequency were similar (WT: 15.0 ± 6.0
ves/s, nWT = 3; Syt-1 KO: 14.4 ± 3.1 ves/s, nSytKO = 5). The mEPSC amplitude was unchanged, arguing against postsynaptic effects of Syt-1 deletion (fig.
3.2D). Calculating the spontaneous release rate constant by dividing the mEPSC
frequency by the RRP size expressed in number of vesicles (suppl. fig. 3.1A–C)
showed a 3.7-fold increase for Syt-1 KO neurons (fig. 3.2E). Thus, despite a 42%
reduction in RRP size we find an increased mEPSC frequency in Syt-1 KO hippocampal autapses, which can be attributed to an increased spontaneous release
rate constant.
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Figure 3.2: Syt-1 does not clamp release via the energy barrier for vesicle fusion.
(A) Typical examples of responses of WT and Syt-1 KO neurons to stimuli of various
degrees of hypertonicity. (B) The RRP size as measured from a 0.5M HS response is
significantly reduced in Syt-1 KO neurons. (C) Syt-1 KO neurons display a 2.5-fold
increase in mEPSC frequency with respect to WT. (D) The mEPSC amplitude does
not differ significantly between both genotypes. (E) The release rate constant at 0M
HS is increased in Syt-1 KO neurons. (F) The HS-induced release rate constant is
typically unchanged, or even lower, in Syt-1 KO neurons. The yellow line represents
the expected increase with respect to WT, based on figure E. (G) The energy barrier
height is obtained from the release rate constants in figure F via the Arrhenius equation.
The yellow line represents the expected decrease with respect to WT, based on figure
E.
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Synaptotagmin-1 does not clamp via the energy barrier for synaptic vesicle fusion

The 3.7-fold increase of the spontaneous release rate constant after Syt-1 deletion could be explained by a loss of Syt-1-dependent clamping of vesicle fusion,
corresponding to a 1.3RT reduction of the fusion energy barrier. Alternatively,
deletion of Syt-1 could unclamp a second Ca2+ sensor with different release kinetics giving rise to more Ca2+ -dependent spontaneous release events [91, 147, 176].
To test the first hypothesis, we inferred changes in the activation energy
for fusion from changes in the release rate constant during stimulation with
HS concentrations varying between 0.25–1.0M (fig. 3.2A, F) [187]. The resulting release rate constants for WT neurons are depicted in black in figure 3.2F.
Reaction rate theory predicts that if the 3.7-fold increase in fusion rate constant at 0M for Syt-1 KO neurons were due to a reduction of the fusion energy
barrier, then the release rate constants at higher HS concentrations would be
multiplied by the same factor (yellow line, fig. 3.2F). However, fitted release
rate constants were similar at 0.25M or smaller at 0.5–1.0M (0.5M and 0.75M
p < 0.05, 1.0M p = 0.17; fig. 3.2F) in Syt-1 KO cells compared to WT. Similar
findings were obtained with acute knock-down of Syt-1 in hippocampal neurons
(suppl. fig. 3.2H). Corresponding activation energies inferred from these release
rate constants were therefore not affected at 0.25M HS, and increased for 0.5–
1.0M (fig. 3.2G, suppl. fig. 3.2I). Clearly, Syt-1-deficient neurons did not match
the predicted values obtained from extrapolating the difference at 0M (yellow
lines in fig. 3.2F-G). This suggests that the increased mEPSC frequency in the
absence of Syt-1 cannot be attributed to a reduction of the fusion energy barrier.

3.2.4

Potentiation of spontaneous release after reduction
of the fusion energy barrier in Syt-1 KO neurons

To test, as an alternative explanation for our findings, whether the loss of Syt1 might prevent detection of an energy barrier reduction and the concomitant
increase in spontaneous release rate constant, we applied the synthetic DAGanalog PDBu to Syt-1-deficient neurons. PDBu is known to potentiate both
evoked release and the spontaneous release frequency 2–6-fold [65,76,87,88] and
causes a reduction of the fusion energy barrier [87,187]. Application of PDBu to
Syt-1 KO neurons leads to an average increase in mEPSC frequency by a factor
2.3 (fig. 3.3A–B), while leaving the RRP size as measured by 0.5M HS invariant
(fig. 3.3C). Combining the RRP charge with the average charge per mEPSC
yields a 2.3-fold increase of the release rate constant at 0M HS, corresponding
to a significant lowering of the average activation energy for spontaneous vesicle
fusion by 0.8RT (fig. 3.3E–F). This effect is comparable in magnitude to the
3.7-fold increase of the release rate constant in Syt-1 KO at 0M HS (see above).
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Figure 3.3: Potentiation of release upon PDBu application to Syt-1 KO neurons is
due to a reduced fusion energy barrier. (A) Typical examples of electrophysiological
responses of Syt-1 KO neurons to stimuli of various degrees of hypertonicity, in the
absence (red) and presence (pink) of PDBu. (B) PDBu application to Syt-1-deficient
neurons results in an increased mEPSC frequency. (C) PDBu application to Syt-1deficient neurons does not change the RRP size. (D) PDBu application to Syt-1deficient neurons increases the depleted RRP fraction for 0.25M stimuli, following a
sigmoidal relationship. (E) The release rate constant is significantly different at all
three HS concentrations tested. (F) The energy barrier height is obtained from the
release rate constants in figure E via the Arrhenius equation.
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In addition, responses to both 0.25M and 0.5M HS show a significant increase in
release rate constant upon PDBu application by a factor 1.9 and 1.6, respectively
(fig. 3.3E), implying a decrease in fusion energy barrier height by 0.6RT and
0.4RT, respectively (fig. 3.3F) — comparable in magnitude to the results found
in WT neurons upon PDBu application [187].
As previously noted (see [187]), an increased release rate constant (i.e. a
lowered fusion energy barrier) will also lead to an increase in the fraction of RRP
depleted which is particularly well visible for non-depleting hypertonic stimuli
of around 0.25M (fig. 3.3A). Indeed, this is what we observe upon application
of PDBu to Syt-1 KO neurons: the relation between depleted RRP fraction and
release rate constant is still obeyed, while the data points shift upwards along
the sigmoidal curve, corresponding to a larger fraction of RRP released due to
PDBu application (fig. 3.3D).
All together, these findings show that our method detects a similar reduction
of the fusion energy barrier in WT and Syt-1 KO upon PDBu stimulation. This
implies that the fact that we do not find a reduction of the energy barrier in
Syt-1 KO compared to WT is not due to a loss of sensitivity of our method in
the absence of Syt-1.

3.3

Discussion

In this study we find that the fusion rate constant for spontaneous release is
increased in Syt-1 KO neurons, causing an increase in mini frequency despite a
reduced RRP size in these cells. However, release rate constants during hypertonic stimulation with 0.5–1M HS were smaller for Syt-1 KO neurons compared
to WT, indicating that the energy barrier is increased rather than reduced in the
absence of Syt-1. Therefore we rule out a reduction of the fusion barrier as an
explanation for increased spontaneous release and consider other explanations
such as the unclamping of other Ca2+ sensors after Syt-1 deletion.

3.3.1

Reduced RRP size in Syt-1 KO neurons

Here we report a 42% reduction in RRP size in Syt-1 KO neurons (fig. 3.2D)
and an even stronger 69% reduction in separate experiments where Syt-1 was
acutely knocked down (suppl. fig. 3.2F). This decrease in RRP size correlated
well with a similar reduction in docked vesicles at the ultrastructural level in Syt1 KO neurons, which seemed to be caused by an overall reduction in synapse
size and related total number of vesicles, and not by a defect in docking (fig.
3.1B). Our findings are in line with EM studies in C. Elegans and Drosophila
reporting that Syt-1 null mutations result in a severe reduction in number of
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synaptic vesicles [189, 193, 194]. However, studies in hippocampal neurons give
more heterogeneous results: while no effect on docked vesicles was found using
conventional EM measurements [36], experiments using high-pressure freezing
or rapid-freezing tomography showed a marked reduction in the Syt-1 KO situation [14, 190]. Also, RRP size measured by superfusion with 0.5M HS has been
found to be unaltered in Syt-1 KO autaptic hippocampal neurons [67, 190, 191]
but reduced by 63% in dissociated cultures of hippocampal neurons [190]. These
different findings could result from the variability between cells and cell cultures
we also encountered in our study, and the lower number of observations in these
studies compared to ours (nWT = 26, nSytKO = 26; fig. 3.2B). Since our method
discriminates between effects on RRP size and release kinetics, our main conclusion about the effect of Syt-1 on the fusion energy barrier is not affected by
this variation in pool size.

3.3.2

Increased fusion energy barrier in Syt-1 KO neurons
when assessed with strong osmotic shocks

While we observed an increased release rate constant for spontaneous vesicle fusion (at 0M HS; fig. 3.2E) in Syt-1-deficient neurons compared to WT neurons,
this situation was reversed for HS concentrations of 0.5M and higher (fig. 3.2F)
— both in Syt-1 KO and in Syt-1 KD neurons (suppl. fig. 3.2G–H). This increase
in release rate constant at 0M HS can be understood as either a decrease of the
activation energy for vesicle fusion, or as an increase of the Ca2+ -sensitivity of
spontaneous release — presumably due to a second Ca2+ sensor gaining access
to the release machinery in the absence of Syt-1. As noted before, if the 3.7-fold
increase in release rate constant at 0M for Syt-1 KO neurons were caused by a
reduction of the fusion energy barrier, the release rate constants at higher HS
concentrations would multiplied by the same factor (yellow line in fig. 3.2F).
However, the smaller release rate constants at 0.5–1.0M HS rule out this interpretation in Syt-1 KO as well as in Syt-1 KD neurons (suppl. fig. 3.2H).
The alternative interpretation, where a second Ca2+ sensor with a higher Ca2+ sensitivity is unclamped in the absence of Syt-1, fits our observations better. As
explained in [187], the triggering of Ca2+ -dependent mEPSCs by spontaneous
Ca2+ fluctuations in the synaptic terminals presumably make up the dominant
contribution to the release rate constant at 0M HS, but this contribution is negligible compared to release rate constants induced by higher HS concentrations.
The unclamping of a high-affinity Ca2+ sensor would then explain the increased
spontaneous release rate constant in Syt-1 KO neurons, while the issue of a
reduced release rate constant at higher concentrations remains to be resolved.
A possible explanation could be a reduced sensitivity for (HS-induced) osmotic pressure gradients in Syt-1-deficient neurons. Considering the action of
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HS as a mechanical phenomenon [55, 68], the mechanical coupling between vesicle and plasma membrane could be less tight in the absence of Syt-1, resulting
in a less efficient transfer of osmotic pressure into the fusion of both lipid bilayers. This would then yield a smaller decrease in energy barrier per molar of HS
(or, a reduced dynamic range) for Syt-1 KO neurons as shown in figure 3.2G.
Given our findings that the release rate constant of WT neurons starts (at 0M)
at a lower value and ends (at 1.0M) at a higher value than for Syt-1-deficient
neurons, the release rate constant curves for both genotypes have to intersect at
a certain point — which, in our hands, occurs at about ∼0.25M HS in Syt-1 KO
as well as in Syt-1 KD neurons (suppl. fig. 3.2I).
Alternatively, the significant difference in release rate constant between both
genotypes at higher HS concentrations could be due to the ‘contamination’
of the purely HS-induced EPSC by non-receptor pressure-induced postsynaptic currents of opposite sign. As Syt-1-deficient neurons have a significantly
smaller RRP size (fig. 3.2B), the resulting HS-induced EPSC at a given concentration will be smaller than for WT neurons. Hence, the relative contribution
of pressure-induced postsynaptic currents would play an increasingly larger role
for higher concentrations. Subsequently, the presynaptic properties derived from
fitting the resulting EPSC (consisting of receptor- and non-receptor-induced currents) would, for higher concentrations, be progressively more affected by the
non-receptor pressure-induced currents. In particular, due to the opposite sign
of the current, these fits would yield lower (apparent) release rate constants at
higher concentrations, and hence an overestimation of the fusion energy barrier
height for Syt-1 KO neurons. However, we showed previously that the contribution of non-receptor currents to a response evoked by 0.5M HS was negligible,
which makes this explanation less likely [187].
A third option would be for Syt to slightly lower the fusion energy barrier
in an additive way under resting conditions (e.g. due to residual Ca2+ ) note
that the increase of the fusion energy barrier in the range 0.5–1.0M HS is approximately constant in both Syt-1 KO (∼+0.3RT, fig. 3.2G) and Syt-1 KD
neurons (∼+0.6RT, suppl. fig. 3.2I). At low HS concentrations, this effect could
be masked by the unclamped Ca2+ sensor in the KO situation, and only gradually appear as the release rate constant becomes dominated by HS at higher
degrees of hypertonicity.

3.3.3

Synaptotagmin-1 as a dominant competitor in spontaneous release

Deletion of the main isoform of Synaptotagmin has been shown to increase
mEPSC frequency in several preparations [37, 133, 178–181], except in Syt-1
KO autaptic glutamatergic hippocampal neurons [36, 190], where no effect on
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spontaneous release was found. Here, however, we find a significantly increased
mEPSC frequency in Syt-1 KO hippocampal autapses (fig. 3.2A,C), which we
confirm in separate Syt-1 KD experiments (suppl. fig. 3.1C–D). The amount of
variation between cells and cell cultures we noted earlier, resulting in a substantial number of observations (nWT = 23, nSytKO = 23; fig. 3.2C) required to reach
statistical significance, might explain why in previous studies no significant effect
was found [36, 190].
As we show here, our data rules out a reduction of the activation energy
for vesicle fusion as a possible explanation for the increase in spontaneous release after Syt-1 deletion, given the lowered release rate constants in Syt-1
KO neurons during hypertonic stimulation with 0.5–1M HS. Syt-1 therefore
does not function as a clamp on spontaneous release by increasing the fusion energy barrier. Instead, our findings are better explained by assuming
that Syt-1 suppresses spontaneous release by outcompeting or blocking the
action of other release-promoting factors such as a high-affinity Ca2+ sensor
[30, 37, 133, 139, 147, 163, 176, 185, 186].
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Materials and Methods
Fitting procedures

Fits of hypertonic HS-induced EPSCs, yielding RRP size and the release rate
constant at various HS concentrations, were performed using version 0.7 of the inhouse developed analysis program presented in chapter 2. Responses to 0.25M
and 0.5M HS were fitted simultaneously to prevent overestimation of the release rate constant at 0.25M, while responses to 0.75M and 1.0M were fitted
separately. The activation energy for vesicle fusion as a function of HS concentration as shown in figure 3.2G was fitted to all data points ≥0.25M HS as a
mono-exponential function of the form ∆E(M) = ae−b·M + c, with M the HS
concentration in molar, using Matlabs built-in Curve Fitting Tool. The fits of
k2,max as a function of the HS concentration in figure 3.2F and supplemental
figure 3.1H were obtained by transforming the fitted function in figure 3.2G and
supplemental figure 3.1I using the Arrhenius equation. The release rate constant
during spontaneous release was obtained by dividing the mEPSC frequency by
the number of vesicles in the RRP. The latter was calculated by dividing the
RRP charge by the average mEPSC charge. For the calculations of these quantities in figure 3.3, the same average mEPSC charge was used in the presence
and absence of PDBu — the invariance of which was previously shown in [87].
As log-transforming symmetrical error bars in the release rate domain results in
asymmetric error bars in the energy barrier domain, we used the largest error
of the two for plotting the SEM of fitted energy barrier heights. Data shown in
figures is mean ± SEM.

3.4.2

Electrophysiological recordings

Autaptic hippocampal neurons from Synaptotagmin-1 null mice or wild-type
littermates were grown for 14–18 days on glia island cultures before measuring.
Syt-1 knockdown cells were obtained by infecting cells with a LIP virus at DIV
2–3. Whole-cell voltage-clamp recordings (Vm = −70mV) were performed at
room temperature with borosilicate glass pipettes (2.5–4.5 mOhm) filled with
125mM K+ -gluconic acid, 10mM NaCl, 4.6mM MgCl2 , 4mM K2 -ATP, 15mM
creatine phosphate, 10U/ml phosphocreatine kinase and 1mM EGTA (pH 7.30).
External solution contained the following (in mM): 10 HEPES, 10 Glucose, 140
NaCl, 2.4 KCl, 4 MgCl2 and 4 CaCl2 (pH = 7.30, 300 mOsmol). Recordings were
acquired with an Axopatch 200A amplifier (Molecular Devices), Digidata 1322A
and Clampex 9.0 software (Molecular Devices). After whole cell mode was established, only cells with a leak current of <250 pA were accepted for analysis.
Ca2+ -independent vesicle release was evoked by hypertonic solutions consisting of external solution containing 250, 500, 750 or 1000mM sucrose. Gravity
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infused external solution was alternated with 7 seconds of perfusion with hypertonic solution by switching between barrels within a custom-made tubing
system (FSS standard polyamine coated fused silica capillary tubing, ID 430 m,
OD550 m, Postnova analytics) attached to a perfusion Fast-Step delivery system
(SF-77B, Warner instruments corporation) and directed at the neuron. Using
this system, solutions can be switched within milliseconds. Solution flow was
controlled with an Exadrop precision flow rate regulator (B. Braun) to assure all
sucrose solutions flowed with a rate of 0.5ml/min despite differences in viscosity. For PDBu experiments, external solution was switched to external solution
containing 1 M PDBu (Calbiochem). Multiple sucrose solutions with various
concentrations were applied to the same cell, taking a 2 minute rest period in
between solutions to accommodate complete recovery of RRP size. In between
protocols, a constant flow of external solution was applied to the cells. During
PDBu experiments, release rates were first assessed in the absence of PDBu,
after which the same protocols were repeated incorporating 30 seconds of PDBu
application before each measurement. Offline analysis of electrophysiology was
performed using Clampfit v9.0 (Axon Instruments), Mini Analysis Program v6.0
(Synaptosoft), Axograph X (Axograph Scientific), and custom-written software
routines in Matlab 7.10.0 or R2010a (Mathworks).

µ

µ

µ

3.4.3

Immunocytochemistry

Hippocampal neurons were fixed with 3.7% formaldehyde (Electron Microscopy
Sciences) after two weeks in culture. After washing with PBS, cells were permeated with 0.5% Triton X-100 for 5 min and incubated in 2% normal goat
serum/0.1% Triton X-100 for 30 min to block aspecific binding. Cells were incubated for 1 h at room temperature with primary antibodies directed against
MAP2 and vGlut1 to visualize dendrite morphology and synapses. The following antibodies were used: polyclonal chicken anti-MAP2 (1:10 000, Abcam) and
polyclonal rabbit vGlut1 (1:500, SySy) or polyclonal guinea pig vGlut1 (1:5000,
Millipore). After washing with PBS, cells were incubated for 1 h at room temperature with second antibodies conjugated to Alexa dyes (1:1000, Molecular
Probes) and washed again. Coverslips were mounted with Mowiol-Dabco and
imaged with a confocal LSM510 microscope (Carl Zeiss) using a ×40 oil immersion objective with ×0.7 zoom at 1024×1024 pixels. Neuronal morphology was
analysed using a published automated image analysis routine [195].

3.4.4

Electron microscopy

Autaptic hippocampal neuron cultures of WT and Syt-1 KO mice (E18) grown
on glass cover slips were fixed (DIV14) for 90 minutes at room temperature
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with 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4). After fixation,
cells were washed three times for 5 minutes with 0.1 M cacodylate buffer(pH
7.4), post-fixed for 1 hour at room temperature with 1% OsO4 /1% KRu(CN)6 .
After dehydration through a series of increasing ethanol concentrations, cells
were embedded in Epon and polymerized for 48 hours at 60 C. After polymerization of the Epon, the coverslip was removed by alternately dipping it in hot
water and liquid nitrogen. Cells of interest were selected by observing the flat
Epon-embedded cell monolayer under the light microscope and mounted on prepolymerized Epon blocks for thin sectioning. Ultrathin sections (80 nm) were
cut parallel to the cell monolayer, collected on single-slot, formvar-coated copper
grids, and stained in uranyl acetate and lead citrate using a LEICA EM AC20
stainer. Synapses were randomly selected at low magnification using a JEOL
1010 electron microscope. For each condition, the number of docked synaptic
vesicles (SVs), total SV number, postsynaptic density and active zone length
were measured on digital images taken at 80,000-fold magnification using analySIS software (Soft Imaging System). The observer was blinded for the genotype.
For all morphological analyses, we selected only clearly recognizable synapses
with intact synaptic plasma membranes with a recognizable pre- and postsynaptic area and clearly defined SV membranes. SVs were defined as docked if
there was no distance visible between the SV membrane and the active zone
membrane. The active zone membrane was recognized as a specialized part of
the presynaptic plasma membrane that contained a clear density apposed to the
postsynaptic density and docked SVs. Cells were cultured from six different WT
and seven different Syt-1 KO mice. Approximately 25 synapses were analyzed
per culture stemming from one animal.
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Supplemental figure 3.1: The number of primed vesicles in Syt-1 KO neurons
is significantly reduced. (A) The RRP size as measured from a 0.5M HS response is
significantly reduced in Syt-1 KO neurons (note that this is a subset of the data shown
in fig. 3.2B). (B) The charge of a single mEPSC is not significantly different between
both genotypes. (C) The RRP size, expressed in number of vesicles, is significantly
reduced in Syt-1 KO neurons. This value is obtained by dividing the RRP size by the
average charge of a mEPSC, per cell.

Supplemental figure 3.2 (facing page): The effect of Syt-1 KD on the activation energy for synaptic vesicle fusion. (A) Immunofluorescence analysis of autaptic neurons reveals no difference in the number of synapses, the dendrite length
and the number of branches as found by Sholl analysis between WT/Rescue (black)
and Syt-1 KD (blue) neurons (scale bar, 50µm). (B) Typical example of an action
potential-evoked EPSC for a WT/Rescue and Syt-1 KD neuron. Note the hallmark
of Syt-1-deficient neurons: the absence of synchronous release in the Syt-1 KD case.
(C) Typical examples of responses of WT/Rescue and Syt-1 KD neurons to stimuli of
various degrees of hypertonicity. (D) Syt-1 KD neurons display a 1.9-fold increase in
mEPSC frequency with respect to WT/Rescue neurons. (E) The mEPSC amplitude
does not differ significantly. (F) The RRP size as measured from a 0.5M HS response
is significantly reduced in Syt-1 KD neurons. (G) The release rate constant at 0M
HS is increased in Syt-1 KD neurons. (H) The HS-induced release rate constant typically unchanged, or even lower, in Syt-1 KD neurons. (I) The energy barrier height is
obtained from the release rate constants in figure H via the Arrhenius equation.
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