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ABSTRACT

At conventional synapses of the central nervous system (CNS), fast synaptic transmission is
mediated by the release of neurotransmitters (NTs) upon Ca®*-triggered synaptic vesicle (SV)
exocytosis. Upon exocytosis SV proteins have to be resorted and retrieved from the surface
by compensatory endocytosis in order to replenish the pool of NT-filled SVs. For my thesis |
used pH-switchable dyes, both genetically encoded as well as new exogenous ones, for

optically analysing SV protein molecules necessary for fusion as well as their retrieval.

Exocytosis is mediated by the assembly of low-energy SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) protein complexes formed by the coil-coiling of
three SNARE proteins: Synaptosomal associated protein - 25 (SNAP-25), Syntaxin 1A
(Syx1A), and Synaptobrevin 2 (Syb2). However, it is unknown how many SNARE complexes
are minimally needed for SV priming and fusion at CNS synapses. To resolve this issue,
single vesicle fusion events were optically measured in real time using the genetically encoded
probe SynaptopHIuorin (SpH), a pH-sensitive green fluorescent protein (GFP), pHluorin (pHI)
fused to the luminal domain of the SV SNARE Syb2. Fluorescence responses upon fusion
displayed a quantal distribution of SpH molecules into SVs. Quantitative single molecule
experiments revealed that the quantal size corresponds to single SpH molecule fluorescence.
Surprisingly, when overexpressed on a genetic null background, SpH could fully rescue
evoked SV fusion. However, SVs expressing only one copy of SpH were unable to rapidly fuse
upon stimulation. Taken together, the first part of the study demonstrates that two copies of
SpH and hence two SNARE complexes are necessary and sufficient for SV fusion during fast

synaptic transmission.

In order to maintain a steady-state rate of synaptic transmission the fused SV constituents are
retrieved for further rounds of use by a compensatory process of endocytosis. Although
clathrin-mediated endocytosis (CME) is thought to be the predominant mechanism of SV
recycling, it seems too slow to account for fast recycling. Therefore, it has been suggested that
a pre-sorted and pre-assembled pool of SV proteins on the presynaptic membrane might

support the first phase of CME. In the second part of this study the spatial and temporal
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dynamics of such a ‘readily retrievable pool’ (RRetP) of SV proteins at the presynaptic
membrane of hippocampal neurons was monitored using a novel probe. By applying CypHer
5E, a new cyanine dye-based pH-sensitive exogenous marker, coupled to antibodies against
luminal domains of SV proteins, the preferential retrieval of native SV constituents from the
RRetP upon exocytosis was demonstrated. The functional size and capacity of this pool was
found to closely resemble that of the readily releasable pool (RRP) of docked and primed SVs,
suggesting that the RRetP can sustain SV recycling during moderate synaptic activity. Thus,
the second part of the thesis demonstrates that small central synapses can avoid SV depletion
in response to mild stimulation by having a preassembled pool of ‘ready-to-go’ SV constituents
(RRetP), which efficiently supports compensatory endocytosis to a significant degree without

relying on freshly exocytosed SV constituents.
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1. INTRODUCTION

Intercellular and intracellular signaling in eukaryotic cells is mediated by trafficking of
membrane-delimited organelles (vesicles) between source and target membranes. Fusion of
vesicles with the limiting membrane in a process called ‘exocytosis’, is a fundamental
mechanism whereby cells discharge their chemical contents such as hormones, NTs etc. into
the extracellular milieu and thereby mediate cell-cell signaling (for review see (Jahn, 2004;
Jahn et al., 2003)). In the nervous system such signaling occurs between neurons at the level
of specialized junctions called synapses. Arrival of an electric impulse (termed action potential
(AP)) at the presynaptic terminal leads to Ca* influx via voltage-gated calcium channels,
which then triggers exocytosis of fusion-competent SVs with the plasma membrane and hence
discharge of their NT content into the cleft (Katz and Miledi, 1965, 1967). NT release is a well
coordinated cyclic process (Fig. 1.1), whereby SVs are first loaded with NT, and then
mobilized to the release site called the active zone (AZ). SVs initially dock and tether to the AZ
and then undergo a series of maturation steps to gain fusion-competence (Fig. 1.1). ca®
influx upon a stimulus triggers exocytosis of SVs, which occurs within as little as 0.2 ms of an
arrival of an AP (for review see (Lisman et al., 2007)). Such precise timing and high rates of
Ca”-triggered exocytosis implies that this process is tightly regulated both spatially and
temporally. To achieve such precision and regulation this process is orchestrated by
multiprotein complexes involved in a wide array of protein-protein and protein-lipid interactions
(for review see (Rizo and Rosenmund, 2008; Sudhof, 2004)). Over three decades of intense
research has led to a detailed characterization of the highly conserved protein family,
SNARES, that constitute the core fusion machinery, and other SNARE-associated components
mediating exocytosis (for review see (Jahn and Scheller, 2006)). However, there are several
fundamental mechanistic details that remain unresolved illustrating the complexity of this
process. One such challenge is to understand the precise stochiometry of the fusion
machinery necessary and sufficient for a single SV exocytosis and hence develop a

minimalistic model of evoked membrane fusion.
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Figure 1.1: lllustration of the SV cycle.

The pathway of SVs in the nerve terminal is divided into several stages. Empty SVs take up NTs by
active transport into their lumen (1). Packed SVs are transported to the AZ (2) where they undergo
sequential steps of docking and tethering to the AZ (3), priming for fusion (4) and exocytosis of vesicles
upon Ca®* influx through voltage-gated channels (5). Post-fusion SV constituents are retrieved by
compensatory endocytosis (6). SVs reacidify via proton pump activity (7) and are then transported to
early endosomes (8), intermediate sorting compartments followed by budding from endosomes (9).

However, the endosomal processing can be circumvented and SVs can go directly from step 7 to step 1.
Taken from (Sudhof, 1995).

To maintain a steady-state rate of synaptic transmission, SV constituents post-fusion are
recycled from the plasma membrane by a compensatory process of endocytosis (Fig. 1.1)
(Ceccarelli et al., 1973; Heuser and Reese, 1973). Consequently, when vesicle recycling by
endocytosis is blocked, synapse activity soon declines (Koenig and lkeda, 1989). Although
several mechanisms of SV protein retrieval and recycling exist, the classical clathrin-mediated
endocytosis (CME) represents the major pathway of SV recycling (Dittman and Ryan, 2009;
Granseth et al,, 2006). CME, similar to exocytosis, involves a network of complex
intermolecular interactions but occurs on a much slower timescale and might be the rate-
limiting step in SV recycling (for review see (Smith et al., 2008)). Despite its slow kinetics,
compensatory endocytosis is able to support synaptic transmission during continuous
stimulation at physiological frequencies (for review see (Schweizer and Ryan, 2006)). Thus,

one of the central questions that continues to be intensely investigated is how the two
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processes of exocytosis and endocytosis are coupled spatially and temporally to sustain

continuous synaptic transmission.

1.1 Neuroexocytosis
1.1.1 Synaptic vesicle fusion

SV fusion during neuroexocytosis is the fastest form of intracellular membrane fusion reaction
(for review see (Rizo and Rosenmund, 2008)). Such high throughput rates and temporal
precision, which enables a post-synaptic response within sub-milliseconds of presynaptic ca*
influx, is attributed to a well structured release process. Initially, filled SVs are transported to
the presynaptic membrane where they attach at specialized sites for fusion on the membrane,
active zones (AZs) (Couteaux and Pecot-Dechavassine, 1970; Landis, 1988). At the
ultrastructural level the AZ appears as an electron-dense structure associated with a dense
cytomatrix (Fig. 1.2) (Harlow et al., 1998). It is composed of several multi-domain proteins,
which interact with closely located voltage-gated calcium channels, other presynaptic and also
SV proteins thereby ensuring rapid focal exocytosis and efficient stimulus-secretion coupling

(for review see (Schoch and Gundelfinger, 2006)).

(a) Synaptic Active (b)

cleft
pre s

Synaptic
vesicle

Docked
vesicle

Triangular -
particle

Postsynaptic
density

Figure 1.2: Ultrastructure of a bouton-type hippocampal synapse.

(a) Electron micrograph of a synapse in a hippocampal slice preparation made by high-pressure
freezing, which avoids artifacts due to fixation. (b) An EM reconstruction of the AZ illustrating the dense
AZ cytomatrix (yellow) and the docked SVs (blue). Taken from (Lisman et al., 2007).
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The initial physical attachment of a SV to the AZ prior to exocytosis is termed as docking
(Steyer et al., 1997). Docking is more morphologically defined and the precise molecular
underpinning is still unresolved (Fig. 1.1 and 1.2) (Verhage and Sorensen, 2008).
Ultrastructural analysis based on proximity of SVs to the presynaptic membrane has been
used to characterize docking, although the selection thresholds for such distance
measurements vary among researchers (de Wit et al., 2006; de Wit et al., 2009; Hammarlund
et al., 2007; Siksou et al., 2009). In central synapses there is a pool of SVs docked at the
presynaptic membrane. However, their functional state can vary, which is why the RRP of SVs
depleted upon a brief stimulus might differ in number to those docked at the membrane (Rettig
and Neher, 2002; Rosenmund and Stevens, 1996). Therefore, docking of a SV is an
intermediate maturation state, wherein the SVs are not yet release-ready (for review see
(Verhage and Sorensen, 2008)). Docking is followed by a subsequent priming reaction
whereby SVs gain fusion competence (Sorensen, 2004). Priming has been shown to be an
ATP and Ca®*-dependent process, after which SVs are in a metastable state ready for fast
Ca2+-triggered exocytosis (Chen et al., 2001; Eliasson et al., 1997; Kawasaki et al., 1998). It
has been proposed that priming may occur by hemifusion (Reese et al., 2005; Xu et al., 2005),
a process in which the proximal leaflets of the plasma- and vesicle membranes merge
(allowing transfer of membrane markers), without fusion of the distal leaflets. Both docking and
priming involve several molecular interactions between SV and presynaptic membrane
proteins including SNAREs and several accessory cytosolic proteins. Previous studies have
firmly implicated Munc-18-1 (member of the Sec1/Munc18-like protein family) and Syx1A
(presynaptic membrane SNARE; part of the core fusion machinery) in docking (de Wit et al.,
2006; Voets et al,, 2001). Both proteins have been shown to interact with each other
(Dulubova et al.,, 1999) and deletion mutants of either protein exhibit severe docking
phenotypes (Hammarlund et al., 2007; Weimer et al., 2003). A recent study has identified the
vesicle counterpart for docking as Synaptotagmin-1 (Syt1), the calcium sensor for exocytosis
(de Wit et al., 2009). Additional factors such as rab3 and rab27, rabphilin3A, granuphilin, and
exophilin4/Slp2a, have also been implicated in vesicle docking (for review see (Verhage and

Sorensen, 2008)). Based on loss of function models several genes have been identified such
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as Munc-13 and calcium-activator protein for secretion (CAPS), which affected priming (Brose
et al., 2000; Jockusch et al., 2007). Although it is difficult to clearly separate the docking and
priming reactions, it is believed that the two processes are coupled whereby docking occurs

upstream of priming.

1.1.2 Calcium triggering of exocytosis

Once SVs attain fusion competence, arrival of an AP leads to influx of Ca®*, which then
triggers fusion. Entry of Ca®* via P/Q-type or N-type calcium channels leads to a rapid
elevation in its concentration in the immediate vicinity called ‘microdomain’ typically about 200
nm in central synapses (Meinrenken et al., 2003). Previous studies have proposed that there
are several Ca®* channels clustered within this microdomain generating a gradient of ca®
concentration resulting in varying release probabilities (P,) among the docked and primed SVs
(Meinrenken et al., 2002; Wadel et al., 2007). The RRP of docked and primed SVs containing
on an average of ~10 SVs (Harlow et al., 2001; Rosenmund et al., 2003; Schikorski and
Stevens, 1997) have a very low P, at resting cytosolic Ca®* concentration, giving rise to
baseline spontaneous fusion called ‘miniature post synaptic potentials’ or ‘minis’ (Katz and
Miledi, 1969; Lou et al., 2005). Upon stimulation the probability of fusion is enhanced due to
Ca” elevation and the low background rate of spontaneous release (1-2 vesicle per min)
(Geppert et al., 1994; Murthy and Stevens, 1999) switches to a fast synchronized form of

neurosecretion.

Syt1 has been identified as the sensor for fast synchronous release at central synapses
(Chapman, 2008; Koh and Bellen, 2003). Neurons lacking Syt1 display complete absence of
rapid evoked release (Geppert et al., 1994). Moreover, the ca® sensitivity of fusion is
alleviated in response to a reduced Ca®* binding affinity of Syt1, which further implicated its
role in Ca®* sensing (Fernandez-Chacon et al., 2001; Pang et al., 2006). About four to five
Ca®* ions bind co-operatively to and activate the calcium sensor Syt1, which thereby triggers
vesicle release within 0.2 - 0.3 ms of Ca®" elevation (Bollmann et al., 2000; Dodge and
Rahamimoff, 1967; Schneggenburger and Neher, 2000). Thus, the calcium sensor Syt1 is a

non-linear detector, which makes it very sensitive to alterations in Ca®* concentration. Since
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only few Syt1 molecules may get activated, they are largely unsaturated during an AP and
cause release of only a fraction of the RRP (for review see (Lisman et al., 2007). Syt1 is thus
required for the fast and coordinated stimulus-secretion coupling during neurotransmission
(Geppert et al., 1994). Closure of the calcium channels and diffusion causes the ca®
concentration to fall and prevents further activation of the sensor. Syt1 consists of distinct
Ca**-binding modules called the C2 domains (Chapman, 2008). The C2 domains also bind to
phospholipids in a Ca2+—dependent manner and are thought to induce membrane curvature,
which is essential for facilitating fusion (Groffen et al., 2010; Martens et al., 2008).
Furthermore Ca2+-dependent interaction of C2 domains with SNARE proteins may stabilize

some of the transient curved conformations during fusion (Martens et al., 2007).

1.1.3 Minimal fusion machinery; SNAREs

Membrane fusion is mediated and regulated by a wide array of membrane bound and soluble
factors, which help in overcoming several energy barriers during this process. The
evolutionarily conserved SNARE family of proteins constitutes the basic fusion machinery and
mediate all intracellular fusion event in the secretory pathway (for review see (Jahn et al.,
2003; Jahn and Scheller, 2006; Martens and McMahon, 2008)). The SNARE proteins are
characterized by a conserved stretch of 60-70 amino acids called ‘SNARE motifs’ that are
arranged in heptad repeats and have the tendency to form coiled-coils (for review see (Jahn
and Scheller, 2006)). In neuronal synapses the core of the exocytosis machinery is formed by
three members of the SNARE protein family: vesicle SNARE protein (v-SNARE), Syb2 and the
presynaptic membrane SNAREs (t-SNARE) Syx1A and SNAP-25 (Jahn and Scheller, 2006;
Sollner et al., 1993a; Sollner et al.,, 1993b). These SNAREs assemble into a highly stable
heterotrimeric ‘SNARE complex’ that drives fusion. Syb2 and Syx1A contribute one SNARE
motif each, whereas SNAP-25 contributes two SNARE motifs joined by a pamitoylated linker
region. Most SNAREs contain a modular structure with a transmembrane domain (TMD) at the
C-terminal end, which is coupled to the SNARE motif by a short linker (Kloepper et al., 2007).
The central role of these three synaptic SNAREs in fusion was demonstrated when they were

found as specific substrates of clostridial neurotoxins (tetanus and botulinum toxins), which via
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their catalytic zinc-endopeptidase domain specifically cleave SNAREs resulting in inhibition of
NT release and subsequent paralysis (Schiavo et al., 2000; Simpson, 2004). Besides, targeted
deletion of each of the synaptic SNAREs leads to an almost complete impairment of

neuroexocytosis (Schoch et al., 2001; Sorensen et al., 2003).

During NT release the SNARE proteins undergo a series of conformational changes, which
mediates interaction between the SV and the presynaptic membrane resulting in fusion (Fig.
1.3). The SNAREs assemble into a core complex with equimolar stoichometry (1:1:1) by coil-
coiling of the four a-helical SNARE motifs. On the basis of the highly conserved central layer
of the four helix bundle in the core complex (three glutamines (Q), one arginine (R)), the
participating SNAREs have been categorized into Qa- SNAREs (Syx1A), Qb- (SNAP-25) Qc-
(SNAP-25) and R-SNAREs (Syb2) (Bock et al., 2001; Fasshauer et al., 1998b; Sutton et al.,
1998). One copy of each Q and R-SNAREs contribute to the formation of a functional SNARE

complex (Fig.1.3).
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Figure 1.3: SNARE conformational cycle during vesicle exocytosis.

Initially the Q-SNAREs (Syx1A and SNAP-25) on the acceptor membrane exist as free clusters which
assemble into acceptor complexes mediated by the SM (Sec1/Munc18-related) proteins. These acceptor
complexes then interact with vesicular R-SNARE, Syb2, to form a loose trans-SNARE complex initiated
by nucleation of the complex on the N-terminal region of the SNARE motif of the R-SNARE. This is
followed by the ‘zippering’ of SNARE motifs from their N-terminal portion to the C-terminal region, which
leads to a tight complex causing membrane merger and formation of a transient fusion pore, through
which vesicular contents are released. Other proteins like, complexin and Syt regulate the different
transition states during exocytosis. The tight trans-complex relaxes into the cis-complex during fusion
which is later disassembled by the concerted action of NSF (N-ethylmaleimide-sensitive factor) and a-
SNAP (soluble NSF attachment protein). Taken from (Jahn and Scheller, 2006).

The SNARE proteins in the presynaptic membrane associate to form stable acceptor
complexes before the start of fusion (Fasshauer and Margittai, 2004; Fiebig et al., 1999). The
fusion reaction is initiated when the acceptor complexes of Q-SNAREsS in the target membrane
interact with the N-terminal region of the SNARE motif of R-SNARE, Syb2, leading to the
formation of a loose SNARE complex in a trans-configuration, where the two interacting TMDs
are located in the two opposing bilayers (Fig. 1.3). Zipper-like assembly of the SNARE motifs
from their N-termini towards their membrane-proximal C-termini results in the formation of a
highly stable heterotrimeric tight trans-SNARE complex, consisting of four parallel alpha

helices (Fig. 1.3) (Hanson et al., 1997; Hu et al., 2003; Lin and Scheller, 1997; Weber et al.,
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1998). Trans-complex synthesis is thought to be reversible and they shuttle in between the
loose and tight states maintaining a dynamic equilibrium (Fig 1.4) (for review see (Jahn and
Scheller, 2006)). The trans-SNARE complex, also referred to as the SNAREpin due to its
similarity to the hairpin bundle formed during viral fusion (Fig. 1.4) (Weber et al., 1998), pulls
the two membranes into close proximity and triggers fusion. It is believed that the energy
liberated during the formation of the four helix bundle and the mechanical force generated due
to the strain on the linker regions, acting as force transducers, is sufficient to overcome the
activation energy barrier for phospholipid merger (Fig. 1.4) (Li et al., 2007). Indeed when the
synaptic SNAREs were reconstituted into separate populations of synthetic liposomes, they
were able to drive membrane fusion which led to the idea that SNARESs are the ‘minimal fusion
machinery’ (Weber et al., 1998). However, these in vitro assays have, thus far, not been able
to reproduce the time-course and the spatial control of neuroexocytosis as in vivo, which could
be attributed to the absence of numerous accessory proteins involved in the tight regulation of
this process. Although SNARE complex formation is the key element for fusion, there are
several auxiliary factors such as Munc 18-1, Munc13 and rab3 inertacting molecule (RIM),
Syt1 and complexins that interact with and stabilize this complex, but the precise nature and
sequence of these interactions remain unclear (for review see (Rizo and Rosenmund, 2008)).
Therefore it is rather possible that the basic apparatus for regulated fusion could extend

beyond the SNAREs.

As the phospholipid bilayers of the two opposing membranes merge, the trans-SNARE
complex relaxes into a cis-complex, which is later disassembled by the concerted action of the
ATPase N-ethylmaleimide sensitive factor (NSF) and its adaptor protein soluble NSF
attachment protein (a-SNAP), thus regenerating free SNARE molecules for subsequent

rounds of fusion (Sollner et al., 1993a).

| 1. Introduction | 17



(a) (b)

3333 Trans-SNARE complexes Cis-SNARE complexes
- o Sy oxert inward force (F) no force
1-..;‘,:;\
I
EESSN Vesicle membrane Single, fused membrane
SEELSS
T
W : W : : 4
- N N
N
1
e S ﬁ:}?‘*‘ il Rty . | |
f %‘;m W ; . —_l
5{ 0N L ¥ ‘131 a1 Target membrane

Fusion pore

Figure 1.4: Assembly of SNARE complexes during fusion.

(a) Trans-SNARE complexes called SNAREpins formed between cognate v-SNAREs (green) and
plasma membrane t-SNAREs (red). The SNAREpin configuration closely resembles the viral hairpin
structure formed by a single fusion protein anchored at both the donor and target membrane. Taken from
(Weber et al., 1998). (b) Zipper-like assembly of SNAREs during SV fusion. Progressive assembly from
the N-terminus towards the C-terminus pulls the two membranes close together exerting an inward force
and triggering fusion. Taken from (Sudhof and Rothman, 2009).

1.1.4 Fusion pore

During exocytosis the two opposing membranes merge and lead to the formation of a fluid-
filled connection called the fusion pore bridging the two aqueous compartments. The fusion
pore is a transient intermediate structure of a few nanometers capable of conducting ions and
NTs. Indeed patch-clamp amperometric recordings, that enable measurement of NT release
from neuroendocrine cells, clearly show an initial ‘foot-signal’ characteristic of restricted
release via fusion pore followed by a spike indicating full release (Alvarez de Toledo et al.,
1993). Other techniques, such as cell-attached capacitance measurements, have also been
employed to study fusion pore conductance (He et al., 2006; Lindau and Alvarez de Toledo,
2003). These recordings have revealed that the fusion pore is a metastable state and can
either close after a transient connection with the plasma membrane as observed in several
examples of ‘stand-alone foot signals’ in amperometric measurements or could evolve into full
collapse fusion which would result in a typical amperometric spike (Alvarez de Toledo et al.,

1993; He et al., 2006; Jackson and Chapman, 2008; Klyachko and Jackson, 2002; Neher and
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Marty, 1982). It has been proposed that the membrane bending action of the C2 domains in
Syt1 molecule creates significant curvature stress which might aid in the opening of the fusion
pore and subsequent expansion (Martens et al., 2007). There has been a long-standing
debate about the molecular nature of the fusion pore. As a result, there are contrasting models
where some propose that the fusion pore is a proteinaceous gap-junction like channel that
extends across both the bilayers, while others postulate that the pore is entirely lipidic and
hence less rigid (Jackson and Chapman, 2008; Lindau and Almers, 1995). Results in the

present study provide some insight into this controversy.

1.1.5 Minimal number of SNARE complexes necessary for fusion

One of the most debated topics of membrane fusion that still remains unresolved is the
minimum number of SNARE complexes thermodynamically and kinetically sufficient to drive a
single vesicle fusion event during rapid neurotransmission? Although single SNARE proteins
can assemble into the four-helix bundle of SNAREpin, they have been shown to form higher-
order multimeric complexes (Antonin et al., 2000; Fasshauer et al., 1998a; Hayashi et al.,
1994; Poirier et al., 1998; Tokumaru et al., 2001). Such a multimeric model for membrane
fusion would be consistent with viral fusion where a minimum cooperativity of three
hemagglutinin trimers for influenza virus and five trimers for Semliki Forest virus has been
observed (Danieli et al., 1996; Gibbons et al., 2004). It was postulated that such a multimeric
super-complex could be formed if the two SNARE domains, contributed by SNAP-25,
participate in separate SNARE complexes and hence cross-link this multimeric structure (Fig.
1.5) (Tokumaru et al., 2001; Weber et al., 1998). This led to the proposal that several of these
SNARE complexes might assemble in a rosette-shaped multivalent super-complex, forming a
ring, around the fusion pore (Fig. 1.5); however, there is no direct evidence in support of this
model (Montecucco et al., 2005; Tokumaru et al., 2001; Weber et al., 1998). Furthermore, it is
difficult to envisage the accumulation of multiple SNARE complexes into the small fusion pore
without affecting membrane integrity. From an energetic point of view it was recently shown
that the stabilization energy of a single SNARE complex in vitro, which is ~70 % assembled, is

very high (35 kgT) (Li et al., 2007). Considering the activation energy for lipid bilayer fusion (50
ry hig g qy Yy
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- 100 kgT), it was suggested that only a few of these complexes could be sufficient to drive
fusion (for review see (Rizo and Rosenmund, 2008)). Thus, the precise number of SNARE
complexes minimally required to drive membrane fusion is highly debated and current
estimates range between 1 and 15 (Bowen et al., 2004; Domanska et al., 2009; Han et al.,
2004; Hua and Scheller, 2001; Karatekin et al.; Keller et al., 2004; Li et al., 2007; Mohrmann et
al., 2010; van den Bogaart et al., 2010). The disparities in these results arise largely because
of the indirect nature of the determinations and the different model systems used. Some of

these results are described below.

In an initial study to estimate the number of SNARE complexes sufficient for fusion, the
inhibition of dense core vesicle fusion in cracked PC12 cells caused by a soluble SNARE
domain was monitored as a function of its concentration (Hua and Scheller, 2001). The dose-
response curve of inhibition of NT release by a truncated Syb2, due to the formation of a non-
fusogenic SNARE complex, is thus an indicator of the cooperativity of SNARE proteins. Based
on theoretical fitting of the experimental data to a model, it was estimated that three SNARE
complexes cooperate to mediate fusion of a single dense core vesicle. Surprisingly, this
number was quite similar to the Ca* cooperativity for NT release (n=4). Thus, it was
suggested that there could be a one-to-one coupling between the calcium sensor, Syt1, and
the SNARE complexes (Stewart et al., 2000). Thus, it would be also interesting to quantify the
minimum number of Syt1 molecules required to initiate fusion. In a later study, cell-attached
capacitance recordings were performed on PC12 cells to measure the effect of Syx1A TMD
mutations on fusion pore conductance (Han et al., 2004). Based on a steric hindrance model it
was proposed that the fusion pore is lined by five to eight copies of Syx1A TMDs during
exocytosis of a single granule, thereby almost doubling the previous estimate. A much higher
number (10 — 15) was suggested for SV exocytosis from dose-response curves, where NT
release was inhibited with botulinum neurotoxin serotype A (BoNT/A) (Keller et al., 2004).
BoNT/A specifically cleaves SNAP-25 but the product is still able to engage in stable SNARE
complex formation with Syb2 and Syx1A thereby leading to a long-term effect. Assuming that
SNAP-25 bridges multiple SNARE complexes involved in fusion, the ratio of the half maximal

inhibitory concentration (ICs) for SNAP-25 cleavage to that of the NT release was suggested
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to yield the stochiometry of the multimeric SNARE super-complex. However, the major
drawback of this study was the assumption that every cleaved SNAP-25 molecule must
participate in SNARE pairing (Montecucco et al., 2005). Based on the above studies a
multimeric model of SV fusion emerged where an array of SNARE complexes arranged in a

ring around the fusion pore was thought to be essential for rapid-regulated secretion (Fig. 1.5).
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Figure 1.5: A multimeric model of SNARE-dependent membrane fusion.

(a) Side view of the cross-section of the multivalent SNARE supercomplex arranged in a circular array

around the fusion pore.
(b) Top view of the dodecamer of SNARE complexes.

Taken from (Montecucco et al., 2005).

Recently, in vitro Forster resonance energy transfer (FRET) experiments have been used to
measure SNARE-mediated fusion at very low protein-to-lipid (p/l) ratios (van den Bogaart et
al., 2010). The results from these experiments contradict the requirement of a SNARE-

supercomplex for SV fusion. Using liposomes constituted with an average of one SNARE
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protein, they could clearly demonstrate that there is no cooperativity in SNAREpin formation
and only one SNARE complex is sufficient for fusion with either liposomes containing

complementary SNAREs or even with purified SVs.

The latest attempt to resolve the number of SNARE complexes necessary for fusion was
made in live chromaffin cells by titrating the ratio of wild-type and mutant SNARE proteins
expressed (Mohrmann et al., 2010). The observations indicated a third-power relation for fast,
synchronous fusion indicating that exocytosis of dense-core granules require at least three
functional SNARE complexes quite consistent with a previous estimate in PC12 cells (Hua and

Scheller, 2001; Mohrmann et al., 2010).

Thus, the number of estimated SNARE complexes for vesicle fusion is quite heterogenous
and could depend on various factors, such as kinetics of the fusion reaction and size of the
fusing organelle. Moreover, most of the above reports are inferential and indirect
extrapolations based on theoretical models and more importantly do not address this issue in
an intact neuronal and physiological setting. Therefore, it is essential to apply a more direct
method capable of visualizing single SNARE molecules during fast Ca**-triggered exocytosis

and hence in a neuronal setting.

1.1.6 Copy numbers of synaptic vesicle proteins

A detailed quantitative picture of the molecular composition of a rat SV was generated in 2006
by Takamori et al using purified SVs from rat brain (Takamori et al., 2006). The copy numbers
of the major SV proteins was determined and a structural model was built based on their
abundance. The SV proteome analysis revealed most of the previously described membrane
proteins along with a few novel ones (Takamori et al., 2006). The SV membrane was found to
be packed with integral membrane proteins with a quarter of the entire surface volume
occupied by TMDs. On quantifying the average copy numbers of the major proteins per SV, a
typical SV was found to contain on an average 70 Syb2 molecules, 32 Synaptophysin (Syp)
molecules, 9-14 NT transporters, 15 Syt1 molecules and only 1 copy of the proton pump, v-

ATPase (Fig. 1.6). It is noteworthy that there is such huge variability in densities among
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different proteins such as between the v-ATPase, which is crucial for NT filling of SVs and
Syp, which seems to be functionally dispensable. Although there could be heterogeneity in the
numbers between individual SVs, it is striking to find such a high surface density of R-SNARE
Syb2 on the SV. Since the number of SNARE complexes required, although widely debated, is
far less, it was postulated that by having an excess repertoire of the SV fusogen, it would
provide a safe reserve pool of SNAREs for continuous exo-endocytosis. This would mean that
Syb2 density is not rate-limiting for fusion. A recent study estimated absolute protein numbers
on purified SV using a single molecule approach and found on average relatively low levels of

Syb2 (Mutch et al., 2011).

(a) (b)

V-ATPase

Figure 1.6: SV protein density.
(a) A space-filling model illustrating the surface density of a rat SV.

(b) Overview of the relative abundance of only Syb2 on a SV. Average copy number of Syb2 per SV is
70.

Taken from (Takamori et al., 2006).
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Densities of Q or t-SNAREs on the plasma membrane were recently measured during single
granule exocytosis in live PC12 cells using total internal reflection fluorescence microscopy
(TIRFM) (Knowles et al., 2010). Fluorescent clusters of Syx1a and SNAP-25 were observed
on the plasma membrane, where single granules had docked, and it was estimated that about
50-70 copies each of Syx1a and SNAP-25 molecules in each cluster, although only a small
fraction of these might actually engage in SNARE complex formation. Since the size of the
secretory granules in PC12 cells is much larger than SV (Bowser and Khakh, 2007) and
therefore might differ in SNARE density, it was interesting to see that the t-SNARE copy
numbers closely matched that of 70 Syb2 per SV as estimated by Takamori et al (Takamori et
al., 2006). Thus, several attempts have been made to estimate SNARE densities on vesicle
and target membrane, but it has not been possible to visualize the effective number of
SNAREs mediating fusion in live cells. Moreover, relatively little is known about the effect of

alterations in SNARE density on SV exocytosis during fast synaptic transmission.

1.1.7 Visualizing SNARE molecules during single vesicle fusion

Single molecule fluorescence assays monitoring docking and fusion of SNARE reconstituted
liposomes with supported bilayers reconstituted with complementary SNAREs, were able to
resolve single vesicle release and estimate the number of participating SNARE proteins. An
initial attempt based on such a single molecule approach, found that as low as one SNARE
complex is sufficient for docking and fusion (Bowen et al., 2004). Docked liposomes were
incubated with BoNT/B such that all the uncomplexed Syb2 were cleaved and only the fraction
incorporated in SNARE complex remained unperturbed. However, a recent study on single
liposome fusion kinetics reported a number of six to nine SNARE complexes based on models
of sigmoidal cumulative distribution of delay times before fusion, which were attributed to
multiple activation steps of SNARE complex folding (Domanska et al., 2009). Another study
based on similar experiments reported dramatic reduction in fusion rates when Syb2 number
per liposomes was lowered and hence suggested similar numbers of five to ten SNAREpins

necessary for fusion (Karatekin et al., 2010). Although the fusion reactions in this study were
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significantly fast (~20 ms) over previous in vitro assays (Pobbati et al., 2006), they did not

mimic the physiology and biochemistry of triggered exocytosis in an intact synaptic setting.

Therefore, as a first step to address the minimum SNARE density on a SV, required to trigger
fusion, it is essential to resolve single SV fusion in an intact physiological setting. With the
advent of pH-sensitive GFPs, pHluorins (pHI), it is possible to label v-SNAREs, Syb2, by
coupling pHI to its lumenal domain (SpH) (Miesenbock et al., 1998) and then count the
number of SpH incorporated per SV. Due to their pH-dependent fluorescence property, these
genetic reporters can monitor dynamic changes in pH of SV lumen resulting from exocytosis
and endocytosis of SVs during presynaptic activity (Sankaranarayanan et al., 2000).
Subsequently, other SV proteins such as Syt1, Syp and vesicle glutamate transporter (vGlut)
have also been conjugated to pHI to optically track their dynamics during SV recycling (Balaji
and Ryan, 2007; Granseth et al., 2006; Sankaranarayanan and Ryan, 2000). Due to the
optimal signal-to-noise ratio of these probes, it has been possible to resolve fusion of even
single SVs in hippocampal synapses in response to a single stimulus (Balaji and Ryan, 2007;
Gandhi and Stevens, 2003; Zhu et al., 2009). Based on the low coefficient of variation in
fluorescence amplitude distributions of single SV fusion and further GFP fluorescence
calibrations, it was suggested that only a few copies of SpH get incorporated on a per SV
basis (Balaji and Ryan, 2007; Fernandez-Alfonso and Ryan, 2004; Gandhi and Stevens,
2003). Since these measurements were performed against the background of the endogenous
complement of 70 Syb2 copies, it was difficult to assess the actual number of Syb2 necessary
for fusion. Thus, it has not been feasible to count the minimum number of SNARESs required

during single vesicle fusion in vivo.

1.1.8 Single molecule optical methods to determine protein copy nhumbers

Single molecule fluorescence assays have enabled visualization of individual fluorophores
even in live cells (Joo et al.,, 2008; Vale, 2008). Thus, such single molecule analysis can
provide a direct assay to count protein copy numbers in cells by overexpressing fluorescent
fusion chimeras with the protein of interest. At low density, isolated fluorophores appear as

diffraction-limited spots. Since a fluorophore has a limited number of excitation/emission
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cycles, after certain duration it gets irreversibly photobleached. Such bleaching events appear
as fast instantaneous fluorescence downsteps and are diagnostic of single molecules (Pierce
et al., 1997; Ulbrich and Isacoff, 2007; Vale et al., 1996). Multiple bleaching steps indicate the
presence of several fluorophores in the diffraction-limited spot. Studies based on such single-
molecule bleaching analysis, have precisely counted the number of subunits of membrane-
bound proteins in live cells, such as postsynaptic N-methyl D-aspartate (NMDA) receptors,
voltage-activated phosphatase Ci-VSP, proton channel Hv1 and the voltage-gated potassium
channel KCNQ1 (Kohout et al., 2008; Nakajo et al., 2010; Tombola et al., 2008; Ulbrich and
Isacoff, 2007). Other studies based on similar single molecule photobleaching measurements
have determined the subunit composition of the calcium channel complex, cAMP-regulated

chloride channel and bacterial flagellar proteins (Ji et al., 2008; Leake et al., 2006).

Since the amplitude of single molecule bleaching steps is a direct correlate of single molecule
fluorescence, once calibrated the fluorescence intensity can be used to estimate the protein
content in terms of absolute numbers in a complex or in a particular region of the cell. This
method has been used to determine the absolute number of post-synaptic protein molecules
in single hippocampal synapses or number of protein subunits that bind to microtubules
(Gestaut et al., 2008; Sugiyama et al., 2005). The above single molecule measurements are
largely performed with high-resolution microscopy such as TIRFM, which selectively
illuminates and excites fluorophores in a restricted region of the specimen immediately
adjacent to the optical interface along the z-axis, hence eliminating the background
fluorescence and considerably improving the axial resolution. Thus, it has been used
extensively to monitor single fluorescent molecules or processes that occur at or close to the
plasma membrane (for review see (Axelrod, 2003)). However, recent advances in detectors
with single photon sensitivity allow single molecule detection even with epifluorescence

microscopy.

The present study has applied similar single-molecule fluorescence microscopy with

genetically encoded probes, in hippocampal botuons, to label individual SNARE molecules
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and then determine the precise stoichiometry of SNARE complexes sufficient to execute

membrane fusion during fast synaptic transmission.
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1.2 Synaptic vesicle recycling; different forms of endocytosis

The presynaptic terminal of small CNS synapses draw upon a limited pool of recycling SVs
and the rate at which this pool is replenished determines the maximal steady-state rate of
neurotransmission. Retrieval of fused SVs from the presynaptic membrane by endocytosis for
further rounds of use is a crucial and rate-limiting step for replenishment and thus maintaining
continuous release without complete depletion of the recycling pool (for review see (Smith et
al., 2008)). Several modes of SV retrieval have been proposed but the major pathway is
considered to be the classical CME (Fig. 1.7) (Brodin et al., 2000; Brodsky et al., 2001;
Cremona and De Camilli, 1997; Heuser and Reese, 1973). In this classical pathway there is
full-collapse fusion of the SV membrane with the plasmalemma followed by clathrin-mediated
invagination and fission during endocytosis (Heuser and Reese, 1973; Pearse, 1976; Wu et
al., 2007). This process is relatively slow and is thought to occur at a timescale of tens of
seconds to minutes (Mueller et al., 2004; Voglmaier and Edwards, 2007; Wu et al., 2007). In
order to sustain fast synaptic transmission, however, it was suggested that an alternative rapid
‘kiss and run’ mechanism of SV turnover might occur with a time constant of 1 - 2 s, whereby
the vesicle transiently fuses with the membrane and reseals before full collapse hence
retaining its molecular identity (Fig. 1.7) (Aravanis et al., 2003; Ceccarelli et al., 1973; Gandhi
and Stevens, 2003; He et al., 2006; Koenig et al., 1998; Zhang et al., 2009). During elevated
neuronal activity a third pathway called bulk endocytosis is recruited wherein large pieces of
membrane are retrieved directly from the plasma membrane in a clathrin-independent manner
(Fig. 1.7) (Holt et al., 2003; Koenig and lkeda, 1989, 1996; Richards et al., 2000; Takei et al.,

1996; Teng and Wilkinson, 2000; Wu and Wu, 2007).
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Figure 1.7: Different modes of SV recycling.

(courtesy J. Klingauf)

1.2.1 Clathrin-mediated endocytosis

The clathrin-dependent mode of recycling was popularized based on the classical
ultrastructural studies of Heuser and Reese (Heuser and Reese, 1973), where they induced a
tetanic stimulation of the frog neuromuscular junction, and observed a subsegeunt decrease in
SV number together with an increase in the number of coated vesicles and cisternae, which
gradually reversed with formation of new SVs. Based on these observations, they proposed
that following full-collapse fusion of SVs, there is retrieval of SV constituents by coated pits
which recycle through endosomal intermediates. This model has been widely supported in
several preparations including CNS synapses using optical assays based on fluorescent dyes,
GFP-tagged SV proteins and intraluminal antibodies (for review see (Rizzoli and Jahn, 2007)).
One such assay based on pHI-tagged SV proteins (Miesenbock et al., 1998), has been
successfully used to monitor exo-endocytosis even at the level of single SVs (Balaji and Ryan,
2007; Gandhi and Stevens, 2003; Granseth et al.,, 2006; Sankaranarayanan et al., 2000).

Using these probes in hippocampal synapses it has been demonstrated that there is a single
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mode of endocytosis with a time-constant of ~ 14-15 s, and fast endocytosis is just at one end

of this distribution (Balaji and Ryan, 2007; Granseth et al., 2006).

The molecular basis of clathrin-mediated endocytosis is not well understood at small CNS
synapses, although a lot is known about the process from other cell-types. It a stepwise
process, which involves a cascade of interaction between a wide array of proteins, that form
an extensive network with the plasma membrane and the underlying actin cytoskeleton (Fig.
1.8) (for review see (Takei and Haucke, 2001)). First, there is recruitment of the adaptor
protein, AP-2, Stonin 2 (also known as stoned B) (Diril et al., 2006) and perhaps AP180, which
sort specific SV constituents and recruit individual clathrin subunits called ‘triskelia’ at the
cytosolic surface of the plasma membrane forming a clathrin-coated pit at a site away from the
AZ (Fig. 1.8) (for review see (Perrais and Merrifield, 2005; Ryan, 2006)). Next, there is
polymerization of clathrin heavy and light chain at the pit to form a hexagonal lattice around
the invaginating vesicle (Fig. 1.8) (Cremona and De Camiilli, 1997; Gundelfinger et al., 2003).
During the final stages of endocytosis, the clathrin-coated vesicle is pinched off at its neck by
the co-ordinated action of the GTPase dynamin and perhaps a transient burst of actin
polymerization (Fig. 1.8) (Cremona and De Camilli, 1997; Merrifield et al., 2002;
Sankaranarayanan et al., 2003). The clathrin coat is then rapidly shed in an ATP-dependent
reaction carried out by the polyphosphoinositide phosphatase, synaptojanin and the molecular
chaperones Hsc70 and Auxilin (Fig. 1.8) (Cremona et al., 1999; Eisenberg and Greene, 2007;
Harris et al., 2000; Verstreken et al., 2003). During CME there is progressive recruitment of a
range of SH3 domain proteins such as Intersectin, Ampiphysin, Endophilin, Syndapin and
other factors which mediate extensive protein-protein and protein-lipid interactions for a
productive synergy between the plasma membrane, endocytic machinery and the actin
cytoskeleton (Haucke et al., 2011; Ryan, 2006; Slepnev and De Camilli, 2000). Acute
perturbation by knockdown or by gene deletion of the key components, such as clathrin and
dynamin, in hippocampal synapses result in near-complete inhibition of stimulation-dependent
endocytosis (Ferguson et al., 2007; Granseth et al., 2006; Heerssen et al., 2008). This
illustrates that most of the SV endocytosis is dependent on the classical clathrin-coated

pathway.
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Figure 1.8: Step-wise illustration of clathrin-mediated endocytosis.

Taken from (Takei and Haucke, 2001).

1.2.2 Kiss-and-run mode of recycling

Classical studies by Ceccarelli and his co-workers had led to the proposal that SV fusion
occurs transiently via the opening of a small fusion pore followed by rapid closure without full
collapse of the SV membrane (Ceccarelli et al., 1972, 1973). This model, whereby the SV
retains its biochemical identity was later called ‘kiss-and-run’ largely due to EM micrographs of
frog NMJs, after a low frequency stimulation, which exhibited an increase in SVs that acquired
the tracer and no considerable increase in coated vesicles. Furthermore, there was an
increased incidence of uncoated ‘omega’ membrane profiles with a narrow neck attached to
the plasma membrane at the AZ (Ceccarelli et al., 1973; He and Wu, 2007; Koenig et al.,
1998), however it was unclear whether these SVs are going to fully fuse or will reseal their
neck. Due to the apparent kinetic advantage of this pathway, it was suggested that this could
be a rapid and efficient form of endocytosis, which might prevent SV pool depletion during
periods of high activity. Moreover, this mode of SV fusion allows the synapse to restrict the
release of transmitters through the narrow fusion pore resulting in a subquantal response (He

et al., 2006; Klyachko and Jackson, 2002) compared to full collapse fusion, which might also

[ 1. Introduction | 31



be a mechanism to regulate synaptic strength (Choi et al., 2000). Although kiss-and-run mode
of vesicle turnover exists in neuroendocrine cells, its presence at nerve terminals particularly
CNS synapses has remained controversial. The strongest evidence in favour of this pathway
was derived from optical assays based on partial destaining of single SV loaded with slowly
dissociating (~3 s) styryl FM dye FM1-43 (Aravanis et al., 2003; Klingauf et al., 1998; Pyle et
al., 2000). The results indicated partial dye retention in SVs akin a kiss-and-run mode of fusion
that was further confirmed using a hydrophilic FM1-43 quencher, bromophenol blue (Harata et
al., 2006). In another optical study, Gandhi and Stevens imaged single SV exo-endocytosis by
overexpressing SpH in hippocampal neurons. A rapid fluorescent transient with a retrieval time
course of less than 1s was observed, which was ascribed to the fast kiss-and-run mode of
retrieval (Gandhi and Stevens, 2003). Recent studies based on small pH-sensitive
phospholuminescent ‘quantum dots’, have shown that SVs loaded with these tiny inorganic
particles exhibited distinct patterns of photoluminescence upon kiss-and-run versus full
collapse fusion (Zhang et al., 2007; Zhang et al., 2009). However, the relative contribution of
the kiss-and-run pathway to exo-endocytosis at CNS synapses is activity dependent and

remains highly debated.

1.2.3 Bulk endocytosis

In the original tracer experiments by Heuser and Reese at frog NMJs, large endosomes were
observed, after moderate to heavy stimulation, which bud off clathrin coated SVs. This mode
of recycling occurring via endosomes underlies the slower endocytosis rates (Danglot and
Galli, 2007) and has been proposed to occur at motor nerve terminals of frog (Miller and
Heuser, 1984; Richards et al., 2000) and snake (Teng and Wilkinson, 2000), endocrine cells
(Neher and Marty, 1982; Rosenboom and Lindau, 1994; Thomas et al., 1994) and even at
central synapses (de Lange et al., 2003; Gad et al., 1998; Holt et al., 2003; Paillart et al.,
2003). After tetanic stimulation deep infoldings of the plasma membrane in continuity with the
extracellular space are often observed which results in the retrieval of huge chunks of
membrane by bulk endocytosis (Takei et al., 1996). Support for this model at CNS synapses

has been further substantiated by recent EM tomography of dynamin-1 deletion mutants,
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which exhibit accumulation of deeply invaginated clathrin-coated pits connected to the plasma
membrane upon heavy stimulation (Ferguson et al., 2007). Taken together, these studies
suggest that this high-capacity pathway of bulk endocytosis is activity-dependent and is only

recruited when the balance between exo- and endocytosis breaks down.

1.2.4 Coupling of exo- and endocytosis

During continuous synaptic activity and high rates of exocytosis, the reliability and kinetics of
coupling between exo- and endocytosis becomes the rate-limiting step for SV recycling. Due
to the complex molecular composition of a SV, which contains ~200 protein molecules
(Sudhof, 2004; Takamori et al., 2006), it becomes a time-consuming process to recapture and
resort the different vesicle membrane proteins in the right stoichiometry post-fusion to
generate a fully functional SV. However, rapid kinetic modes of recycling like kiss-and-run can
circumvent this problem by reversible fusion pore openings, which preserve the biochemical

identity of the SV.

There are three possible modes of spatial and temporal coupling of exo- and endocytosis at
small central synapses (Fig. 1.9). In the first scenario, SVs undergo kiss-and-run mode of
vesicle turnover, where the vesicle undergoes a simple reversal of exocytosis and is retrieved
intact without losing its molecular identity thereby spatially and temporally coupling exo- and
endocytosis (Fig. 1.9). Such tight coupling between exo- and endocytosis has been
demonstrated at the level of single SV (Aravanis et al., 2003; Gandhi and Stevens, 2003). In
the second scenario, SVs undergo full collapse fusion but the vesicle constituents post-fusion
remain clustered as a unit in raft-like patches (Fig. 1.9) (Martin, 2000; Thiele et al., 2000),
diffusing along the presynaptic membrane to designated sites of retrieval (endocytic zone)
where they get internalized thereby also preserving the molecular identity and coupling exo-
endocytosis (for review see (Rizzoli and Jahn, 2007)). In the third scenario, post-fusion SV
constituents disperse and mix at the plasma membrane thereby losing its molecular identity
and subsequent endocytosis preferentially retrieves from a pool of preassembled SV material
at the endocytic site, hence uncoupling exo- and endocytosis (Fig. 1.9) (Fernandez-Alfonso et

al., 2006; Wienisch and Klingauf, 2006). A study on single vesicle imaging in hippocampal
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neurons suggested an alternative mechanism, where it was shown that at low frequency
stimulation, endocytosis occurs in two distinct kinetic steps; a fast mode (~3 s) which
preserves the identity of SVs exo- and endocytosed with high fidelity and a slow mode which
retrieves the SV constituents from the surface (Zhu et al., 2009). This way, synapses can
ensure both fast turnover and partial maintenance of identity during repeated rounds of exo-

endocytosis.

(a) (b)
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Figure 1.9: Three alternative modes of spatial and temporal coupling between exo- and

endocytosis.

(a) Maintenance of biochemical identity of SVs post-fusion either due to a diffusion barrier like the fusion
pore (kiss-and-run; upper left) or adherence of SV components to each other remaining as a unit (lipid

rafts; lower left).

(b) Loss of molecular identity upon fusion due to dilution with the surface reservoir of SV constituents,

which are preferentially retrieved during compensatory endocytosis.

Courtesy: M Wienisch and J Klingauf.
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1.2.5 Readily retrievable pool of vesicle components

It was proposed that in central synapses, SV constituents post-fusion mix and dilute with a
surface pool of SV constituents, which are predominantly recruited upon subsequent
endocytosis (Fernandez-Alfonso et al., 2006; Wienisch and Klingauf, 2006). Using a GFP
fusion protein with the clathrin light chain, it was found that during the first 10 s of prolonged
stimulation clathrin is not being recruited from the cytosol to form coated pits, although the rate
of endocytosis measured with FM dyes is high (Mueller et al., 2004). These results suggested
that SVs during the first phase are either retrieved by a clathrin-independent mechanism (kiss-
and-run) or by preassembled ‘ready-to-go’ coat structures at regions near the AZ. Moreover,
BoNT/A, which completely inhibits exocytosis, did not block endocytosis of a limited pool of
SVs clearly suggesting that compensatory endocytosis draws upon pre-existing SV

constituents at the presynaptic membrane (Neale et al., 1999).

Further support for a functional pool of preassembled structures at the presynaptic membrane
came from experiments using fusion constructs of the SV proteins Syb2 and Syt1 with pHI
(Miesenbock et al., 1998). These studies have shown that SVs post fusion lose their protein
complement, and the molecular identity of SVs exocytosed and subsequently endocytosed is
not conserved (Dittman and Kaplan, 2006; Fernandez-Alfonso et al., 2006; Wienisch and
Klingauf, 2006). Based on these observations it was suggested that exocytosis and
subsequent endocytosis is uncoupled and there may be a pool of preassembled SV proteins
on the presynaptic membrane, which is preferentially retrieved upon exocytosis (Mueller et al.,
2004; Wienisch and Klingauf, 2006). Previous studies using activity dependent markers in
snake neuromuscular terminals have shown their accumulation at bouton margins upon
stimulation which might represent endocytic zones (Teng et al., 1999; Teng and Wilkinson,
2000). This is in agreement with other ultrastructural and high-resolution microscopy analyses,
which describe the presence of several SV proteins on the presynaptic membrane of resting
synapses (Taubenblatt et al., 1999; Willig et al.,, 2006). Presence of such a surface
complement of vesicle constituents has been postulated to represent a pre-clustered pool

being immediately available for a first wave of endocytosis upon stimulation (Miller and
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Heuser, 1984; Wienisch and Klingauf, 2006). Transient overexpression of the genetic exo-
endocytic probe SpH (Miesenbock et al., 1998), in hippocampal boutons leads to targeting of
up to ~30 % of the fusion protein to the bouton membrane, constituting a surface pool which
participates in SV protein recycling during compensatory endocytosis (Fernandez-Alfonso et

al., 2006; Wienisch and Klingauf, 2006).

The finding, however, that pHI tagged versions of other SV proteins result in only minor
surface expression, about 8 % for Syp-pHI (Granseth et al., 2006) and even only about 2 % for
the glutamate transporter vGlut1-pHI (Balaji and Ryan, 2007) has called into question the
existence of a surface pool of endogenous SV proteins. It has thus been suggested that the
high surface expression of SpH and Syt1-pHI (Fernandez-Alfonso et al., 2006; Wienisch and
Klingauf, 2006) might be a mere overexpression artefact, thereby discrediting the use of pHI
as optical probes for exo-endocytosis (Opazo et al., 2010; Willig et al., 2006). Thus,
endogenous SV proteins might be only transiently exposed to the surface during exo-
endocytosis and might even remain clustered thereby tightly coupling exo- and endocytosis
(Willig et al., 2006), contrary to pHI based finding that SVs post fusion lose their identity during
recycling (Wienisch and Klingauf, 2006). Thus, it is crucial to visualize the spatial and temporal
kinetics of endogenous SV protein recycling and to directly visualize the retrieval from the

“readily retrievable surface pool of synaptic vesicles” (RRetP), if existent.
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1.3 Aim of the study

The aim of my thesis was to explore the usability of pH-switchable reporters, both genetically
encoded as well as new exogenous ones, for studying trafficking of SV proteins during the
exo-endocytic itinerary, if possible down to the single molecule level. Using these probes, |

addressed two unresolved questions concerning SV exo-endocytosis:

1. How many SNARE complexes are necessary and sufficient for vesicle fusion during fast

synaptic transmission?

To resolve the current disparity in estimates (1 to 15) of the precise number of SNARE
complexes required for membrane fusion, this study employed a direct approach to optically
resolve single SNARE molecules mediating fusion and then count the minimum number of

these molecules required to drive evoked fusion.
To achieve this, a four-step strategy was adopted:

a) Overexpress a fluorophore-tagged version of Syb2, like SpH, which selectively switches on

upon fusion thereby giving a specific read-out for exocytosis.
b) Optically resolve fusion of single SVs upon stimulation in hippocampal boutons.
c) Single molecule calibration to estimate the number of SpH molecules incorporated per SV.

d) Overexpress SpH on a genetically null background to determine the precise number of SpH
molecules and hence the number of SNARE complexes minimally required to rescue evoked

fusion.

Since the fusion apparatus works in close concert with the Ca®*-sensing machinery, it would
be interesting to understand the molecular basis of the Ca”—co-operativity for NT release. In
simple terms, what is the minimum number of calcium sensors (Syt1) required for
synchronicity of synaptic transmission? By overexpressing Syt1-pHI on a null background, the

number of Syt1-pHI molecules required for single SV fusion was estimated.
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2. Is there a small functional surface pool of presorted and reclustered SV constituents
constituting a ‘readily retrievable pool’ (RRetP) from which SVs are regenerated during

compensatory endocytosis?

Previous studies have proposed the existence of a reservoir of SV components on the
presynaptic membrane, which are preferentially endocytosed leading to molecular non-identity
between exo- and subsequently endocytosed SVs. However, it was so far not possible to
monitor the kinetics of this surface pool in real time. Therefore, to address this issue, | together
with my colleague Yunfeng Hua took a new approach to label and monitor the spatio-temporal

dynamics of endogenous SV proteins on the presynaptic membrane:

a) First, a novel pH-sensitive tracer, cypHer5E, coupled to antibodies against the luminal
domains of Syt1 (aSyt1-cypHer) and the vesicular GABA transporter (VGAT; aVGAT-cypHer),

was used to label the native SV proteins.

b) Live-cell imaging was performed to test the efficiency of these new exogenous probes for

monitoring exo-endocytosis in real time.

c) Finally in combination with genetically encoded pH-sensitive probes such as SpH, the

spatial and temporal kinetics of the endogenous surface pool of vesicle proteins was studied.
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2. MATERIAL AND METHODS

2.1 Primary hippocampal neuron culture

Primary cultures of hippocampal neurons were prepared from the CA3/CA1 region of 1 or 2
day-old Wistar rats as previously described (Wienisch and Klingauf, 2006). The Synaptobrevin
2/ Cellubrevin (Syb2/Ceb) double knock-out (DKO) mice were obtained from Prof. Dieter
Bruns (University of Saarland, Homburg, Germany). Since the Syb2/Ceb DKO mice are
postnatally lethal (Borisovska et al., 2005; Schoch et al., 2001), hippocampi from embryonic
day 18 (E18) mice were used. As wild-type (WT) control we used E18 pups from separately
bred C57BL/6 mice. The hippocampi were dissected in ice-cold Hanks solution (Sigma)
supplemented with 20 % Fetal Bovine Serum (FBS) and cut into small sections. This was
followed by enzymatic digestion for 10 min at 37 °C with 2 ml digestion solution containing 10
mg trypsin (Sigma) and 1 mg DNase (Sigma). The tissue was then triturated with siliconized
pasteur pipettes in 2 ml dissociation solution containing 1 mg DNase followed by centrifugation
at 2000 rpm for 5 min at 4°C to obtain a cell pellet. The cell pellet was resuspended in ~2 ml of
plating medium and plated onto 18 mm coverslips which were coated with Matrigel (Beckton-
Dickinson; diluted 1:50 in Hank's solution + 10 % FBS). The cells were first incubated with
plating medium containing 2 mM L-glutamine to promote glial proliferation. After one day cells
were fed with growth medium containing either 2 uM or 4 uM of the mitosis blocker, cytosine
arabinoside (Sigma), depending on the glial density. Cultures were maintained at 37 °C in a 95
% air/ 5 % CO, humidified incubator. Cultures were used after 14—16 days in vitro (DIV) for
imaging experiments. All prenatal E18 neurons were grown on an astrocyte feeder layer at low

density to promote long-term viability for the imaging experiments.
Solutions used for cell culture preparation:

Basic Medium: Minimal essential medium (MEM without phenol red, Gibco) with the following

supplements per 500 ml: 2.5 g glucose, 100 mg NaHCO3;, 50 mg Transferrin (Calbiochem).

Plating Medium: 100 ml Medium contained 10 % FBS, heat inactivated at 57 °C for 30 min, 1

ml 0.2M L-glutamine solution, 2.5 mg insulin.
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Growth Medium: 100 ml Medium contained 5 % FBS, heat inactivated at 57 °C for 30 min,
0.25 ml 0.2 M L-glutamine solution, 2 ml B-27-Supplement (Gibco), 4 uM or 2 yM cytosine

arabinoside (Sigma).

Hank’s Solution: Hank’s balanced salt solution without calcium or magnesium (Sigma) plus 50

mg/l NaHCO3, 1 mM HEPES, pH adjusted to 7.3-7.4 with NaOH
Hank’s Solution with 20 % FBS
Dissociation Solution: Hank’s solution plus 12 mM MgS0O,-7H,0

Digestion Solution: 137 mM NaCl, 5 mM KCI, 7 mM Na,HPO,, 25 mM HEPES, adjusted with

NaOH to pH 7.3-7.4

FBS: Fetal bovine serum (Biochrom KG) Trypsin: type Xl (Sigma)
DNase: type IV (Sigma)

Matrigel (Beckton-Dickinson): diluted 1:50 in Medium (MEM)

2.2 Transfection

Cultured neurons were transfected at 3 DIV by a modified calcium phosphate transfection
procedure (Threadgill et al., 1997; Wienisch and Klingauf, 2006). First the growth medium was
replaced with serum-free Neurobasal A Medium (NBA, Invitrogen) 30 min prior to transfection.
The old growth medium was saved. A calcium phosphate/DNA precipitate was then formed by
mixing 5-30 ug/ml plasmid DNA, diluted in sterile double distilled water to a final concentration
of 0.2 mg/ml, with 5 pl of 2.5 M CaCl, stock solution and 50 pl of 2X BBS-buffered saline (50
mM BBS (N, N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid), 280 mM NaCl, 1.5 mM
Na,HPO,, pH 7.05) kept at room temperature in darkness for 15-20 min. The precipitate was
added drop-wise to 900 uyl NBA while gently vortexing. 500 ul of the diluted calcium
phosphate/DNA precipitate solution was then added to cells in each well after removing the
medium. After 20 min incubation at 37°C and 5 % CO,, a fine sandy precipitate covering the

cells was observed. The cultures were then washed in Hank’s Balanced Salt Solution (HBSS;
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Invitrogen) and finally replaced with the original growth media. The efficiency was typically
between 5 % and 20 %, and there was no apparent toxicity to the cells. GFP expression could
be detected as early as 6 hrs post-transfection and remained stable for several weeks.

Imaging was performed at 14-21 DIV.

2.3 Synaptobrevin 2/ Cellubrevin mutant mice

Syb2 and Ceb mutant mice were kept in different colonies. Heterozygote of Ceb was
maintained by continuous crossbreeding with C57BL/6 and Ceb KO animals, which are viable
and fertile. Heterozygous mice for Syb2 and homozygous KO mice for Ceb were obtained by
crossbreeding of the mutant Syb2 and Ceb mouse strains. The DKO mice were created by
crossing of heterozygous Syb2 and KO Ceb mouse strains and confirmed by standard PCR
genotyping as described previously (Schoch et al., 2001). These animals die at birth and
exhibit a phenotype similar to the Syb2 KO phenotype, (Borisovska et al., 2005; Schoch et al.,
2001) with a tucked posture and no spontaneous movements or sensorimotor reflexes
(Borisovska et al., 2005). All analyses were performed on E18 animals derived from the

heterozygote matings.

2.4 Fluorescent probes

Due to the small size (~ 1 um) of bouton-type synapses, they have mostly been inaccessible
to electrophysiological techniques. Therefore optical tools based on fluorescent membrane
probes have been used to analyze presynaptic function. Fluorescent membrane tracers have
enabled quantitative measurments of SV exo-endocytosis at individual synapses and even at
a single molecule level. In this study two different kinds of fluorescent probes have been used
a) genetically encoded probes such as fusion chimeras of GFP variants with specific SV
protein of interest and b) exogenous tracer based on cyanine dye derivative, cypHer5E

coupled to antibodies against specific SV markers.
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2.4.1 Overexpression of pHluorin-tagged SV proteins

The excitation spectrum of WT GFP is not sensitive to changes in the pH of the environment.
A systematic histidine-based combinatorial mutagenesis of key residues resulted in the
generation of a novel pH-sensitive GFP mutant termed ‘ecliptic pHluorin’ (e-pHI) which
exhibited pH-dependent absorbance characteristics. At a pH of < 6, the excitation peak at 475
nm of e-pHI disappears and it ceases to be fluorescent, thus ‘eclipsed’. Enhanced GFP
(EGFP), which is several fold brighter and contains a single excitation peak at 488nm, also
exhibits some pH-dependence, although the dynamic range of the pH-dependent fluorescence
change is much smaller (Ashby et al., 2004). Subsequently, e-pHI was further mutated to
generate a superecliptic pHI (pHI), which is ~9 times brighter and displays the same pH-
sensitivity. The pH-dependent fluorescent property of pHI is described by a single proton-
binding equilibrium, where the protonated state is the non-fluorescent state (Palm et al., 1997,
Sankaranarayanan et al., 2000). Thus, the baseline fluorescence is determined by the
Henderson-Hasselbach equation, where the fraction of deprotonated pHI molecules [X] is

described by

1
[X] = eqn (1)

~ 1+10PK-pH

where pK is the logarithm of the equilibrium constant for protonation. During fusion and

increase in pH from 5.5 from 7.4, the change in [X] will be

AlX] = L L eqn (2)

T 1410PK-74  1110PK-55

Thus, pK determines the magnitude of this signal.

By genetically fusing e-pHI or pHI to the luminal domain of Syb2 (SpH), they can be targeted
to SVs, where the fluorescence is quenched due to the acidic lumen (pH 5.5). Upon SV fusion
the pH is neutralized resulting in deprotonation of the pHI and a dramatic increase in its
fluorescence. The pK for pHI in overexpressed neurons is ~ 7.1 (Fig. 2.1b). The fluorescence

change for pHI upon fusion is ~ 20-25 times (from pH 5.5. to 7.4) and therefore ideal as a pH-
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sensor. When overexpressed in hippocampal neurons in culture, SpH exhibits a diffuse
distribution both in boutons and at the axonal regions with a significant fraction targeted to the
plasma membrane (Fig. 2.1a). This surface fraction varies among different pHI fusion proteins
with SV proteins such as Syp-pHI, Syt1-pHI, and vGlut-pHI. Upon extracellular stimulation, the
fluorescence increases due to deprotonation of pHI upon exocytosis and pH neutralization.
Subsequently, the fluorescence signal slowly returns to baseline due to endocytosis and
reacidification, which can be well described by a monoexponential recovery. The kinetics of
recovery represents the time course of endocytosis since reacidification has been shown to
occur at a relatively fast time scale (~ 4 s) (Sankaranarayanan and Ryan, 2000). Typical pHI
fluorescence transients upon stimulation-dependent exo-endocytosis have been shown in Fig
2.1d. The amplitude of fluorescence change scales with the strength of stimulation implying
that with increasing stimulation more SVs are recruited until a point, where the entire SV
recycling pool of these synapses has been depleted. Due to the low P, of hippocampal
synapses and optimal signal-to-noise ratio of the pHI probes, it is possible to elicit and optically

resolve single SV fusion.
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Figure 2.1: SpH is a reliable reporter for measuring exo-endocytosis.
(a) Exemplar image of hippocampal neurons transfected with SpH (Scale bar: 5 pm).

(b) pH titration curve of e-pHI, pHI and EGFP with a pK of 7.07, 7.18 and 6.03 ideal for measuring exo-

endocytosis. Taken from (Sankaranarayanan et al., 2000).

(c) Resting SVs are at an acidic pH (pH 5.5), which quenches the luminal pHI. Upon fusion and
neutralization with the extracellular pH, the proton-dependent quenching is relieved and the fluorescence
signal increases. Upon endocytosis and reacidification, the fluorescence slowly recovers. Taken from

(Sankaranarayanan et al., 2000).

(d) Exemplar fluorescence responses from putative boutons marked in (a) upon field stimulation. The
rising phase indicates externalization of SpH and is followed by monoexponential recovery due to

endocytosis and reacidification.

In the entire study five different variants of pHI-tagged SV proteins have been used:

SpH (Miesenbock et al., 1998; Wienisch and Klingauf, 2006) was kindly provided by G.
Miesenbdck (Yale University, New Haven). Another variant of SpH, SpH-TEV was used in the
second part of the study where a Tobacco Etch Virus (TEV) protease recognition sequence

was introduced flanked by flexible linker regions in between Syb2 and pHI was introduced.
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Syp-pHI (Granseth et al., 2006) was provided by Leon Lagnado (MRC, Cambridge, UK) and
vGlut-pHI (Balaji and Ryan, 2007) was a gift from Robert Edwards (UCSF, San Francisco).
The fusion constructs Syt1-pHI, Syp-pHI and vGlut-pHI were driven by the ubiquitous
Cytomegalovirus (CMV) promoter where as SpH was driven by a neuron-specific human
Synapsin-1 gene promoter (Wienisch and Klingauf, 2006) and verified by dideoxynucleotide

sequencing.

2.4.2 Live-cellimmunolabeling with cypHer5E-coupled antibodies

Overexpression of pHI-tagged SV proteins has been argued to cause artifacts and exhibit a
different distribution pattern as compared to the endogenous proteins although presynaptic
function remains perfectly normal (Opazo et al., 2010). To circumvent these drawbacks, in the
second part of the study, a novel exogenous tracer based on a pH-sensitive cyanine dye
derivative, CypHer5E conjugated to antibodies against endogenous proteins Syt1 and VGAT
(aSyt1-cypHer and aVGAT-cypHer ; Synaptic Systems, Goéttingen, Germany), was used to
label hippocampal neurons and study SV recycling. Syt1 is an integral membrane glycoprotein
with a single membrane spanning domain. It consists of a short N-terminus at the luminal or
extracellular side and a large conserved cytoplasmic C-terminus domain with two Ca®* binding
C2 domains connected by a linker. VGAT is predicted to have 10 TMDs and a long N-terminal
cytoplasmic domain (for review see (Reimer et al., 1998)). The epitope for the cypHer-coupled
antibody is at the luminal/extracellular side for both Syt1 (N-terminus) and VGAT (C-terminus)

conducive for monitoring changes in pH during exo-endocytosis.

Neurons were incubated with either aSyt1-cypHer or aVGAT-cypHer, at 37 °C for 3-4 hrs in a
bicarbonate buffer (~ pH 7.4) containing 120 mM NaCl, 5 mM KCI, 1 mM MgCl,, 2.5 mM
CaCl,, 10 mM glucose and 18 mM NaHCOg;. The cells were then washed twice and placed in
a perfusion chamber containing modified Tyrode solution (150 mM NaCl, 4 mM KCI, 1 mM
MgCl,, 2 mM CaCl,, 10 mM glucose, 10 mM HEPES buffer ~pH 7.4). Acidic buffer with a final
pH of 5.5 and 6.5 was prepared by replacing HEPES with 2-[N-morpholino] ethane sulphonic
acid] (MES; pK = 6.1), whereas alkaline solution with pH 8.5 and 9.5 was prepared by

replacing HEPES with Bicine (pK = 8.5), all other components remained unchanged.
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For pH titration measurements of cypHer, aSyt1-cypHer labeled neurons were stained,
washed and then fixed with 4 % paraformaldehyde (PFA) in phosphate buffered saline (PBS).
Cells were permeabilized with 0.4 % saponin to make the internalized antibodies accessible to

perfusion with buffers of different pH.

The surface pool staining for Fig. 3.21 and Fig. 3.22 was performed by incubating the neurons
with high concentrations of aSyt1-cypHer (1:50) in the presence of 0.5 uM tetrodotoxin (TTX)
for 5 min at room temperature. The neurons were then washed with normal Tyrode solution

and used for imaging.

2.5 Tobacco etch virus protease cleavage

Tobacco etch virus (TEV) encodes a 27 kDa catalytic domain of the Nuclear Inclusion a (Nla)
protein called the TEV protease. Due to its strict sequence specificity compared to other
proteases, such as factor Xa, thrombin, or enterokinase, TEV protease is very useful for
effectively cleaving fusion proteins. TEV protease recognizes a linear epitope of the general
form E-Xaa-Xaa-Y -Xaa-Q-(G/S), with cleavage occurring between Q and G or Q and S (Parks
et al., 1995). The most commonly used sequence is ENLYFQG. Unlike other proteases such
as thrombin, TEV proteases do not have a secondary protease activity or serve as agonist for
proteinase-activated receptors expressed in neurons which can alter the physiological function
and even lead to cell death (Donovan et al., 1997; Kiseleva et al., 2004; Smith-Swintosky et

al., 1997).

SpH-TEV transfected neurons were incubated with ACTEV protease and 1mM dithiothreitol
(both from Invitrogen) for 15 min at room temperature as described previously (Wienisch and
Klingauf, 2006). After digestion, neurons were washed several times with normal Tyrode
solution to remove the enzyme and cleaved pHI. Cleavage of surface SpH was observed over

time as a reduction in the fluorescence signal.
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2.6 Optical Imaging

Coverslips were placed in a perfusion chamber (~500 ul volume) containing a modified Tyrode
solution (in mM: 140 NaCl, 5 KClI, 2 CaCl,, 2 MgCl,, 30 Glucose, 10 HEPES, pH 7.4; ~330
mOsm). APs were elicited by electric field stimulation with 1 ms pulses of 50 mA generated by
a constant current stimulus isolator (WPl A 385, World Precision Instruments) between
platinum-iridium electrodes (distance ~ 1 cm) in the presence of 6—cyano—7—-nitroquinoxaline—
2,3—dione (CNQX; 10 uyM; Tocris Bioscience) and D—amino—5—phosphonovaleric acid (D,L—
APV; 50 uM; Tocris Bioscience) to prevent recurrent activity. Given the low P, of hippocampal
synapses, single vesicle fusion was evoked by eliciting 1 AP in Syp-pHI, vGlut-pHI and SpH
measurements. Bulk measurements to calculate the size of the recycling pool of SVs was
performed by eliciting 900 APs at 20 Hz in presence of 65 nm folimycin (Calbiochem). Total
pool size was calculated by dequenching the residual SpH in the bouton after 900 APs
stimulation with NH,CI solution, which was prepared by substituting 50 mM NaCl in normal

saline with NH,CI, while the remaining constituents were unchanged.

2.7 Single vesicle optical recordings with pHluorin-based probes

Experiments were conducted at room temperature on an inverted Nikon TE2000 microscope
equipped with a 100X/1.45 numerical aperture (NA) oil immersion objective (Nikon, Tokyo,
Japan). The pHI fusion constructs were excited at 488 nm by a mechanically shuttered Argon
laser whose beam was slightly defocused at the back focal plane to fill the field of view (17
mW at the back-focal plane). Images (128 X 128 pixels) were acquired with a back-illuminated
electron multiplying charge couple device (EMCCD) camera (DV-860 camera; Andor
Technology, Belfast, UK) at 100 Hz frame rate using 9.6 ms exposure time during short 0.5 s
periods of constant laser illumination to minimize photobleaching. The stimulus was applied at
0.15 s, and the sequence was repeated 10 times with an interval of 10 s in between
consecutive trials. On average 10-20 boutons were imaged from one field of view on one
coverslip due to the small chip size of the camera (DV-860 camera) used. For both WT and
DKO SpH recordings, the data has been compiled from 5-6 independent transfections of

hippocampal neurons prepared from 8-9 individual E18 pups, which were later reconfirmed by
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genotyping. For single vesicle recordings with SpH-transfected boutons, imaged regions were
pre-photobleached for 50 s, using the same laser intensity (17 mW at back-focal plane) as

during image acquisition.

2.8 pHluorin and cypHer measurements (bulk stimulation)

Fluorescence measurements of SpH-expressing boutons for 40 APs and 100 APs, were
performed at reduced laser intensity (4 mW at back-focal plane) and at a 2 Hz image
acquisition frequency. The rest of the SpH, Syt1-pHI and cypHer bulk stimulation experiments
were performed with a 60X, 1.2 NA water-immersion objective. Images (512 X 512 pixels)
were acquired with a back-illuminated EMCCD camera (Andor iXon+ DU-897E-BV camera;
Andor Technology, Belfast, UK) controlled by Andor iQ Software (Andor Technology, Belfast,
UK). pHI and cypHer was excited at 488 nm and 640 nm respectively, with a computer-
controlled monochromator (Polychrom IV, Till Photonics) and imaged using an EGFP single
band or EGFP/Cy5 dual-band filter set (AHF Analysentechnik AG, Tuebingen). Time-lapse
images were acquired at 0.2 and 0.5 Hz sampling frequency using an exposure time of 200
ms. Due to the larger chip size and lower magnification of the objective lens, more than 100
boutons could be detected per field of view for SpH overexpression in WT and DKO neurons.
Fast solution exchanges were achieved through a two-barrel glass tubing perfusion system
controlled by a piezo-controlled stepper device (SF778, Warner Instruments). Dual-color
recordings of SpH (green) and cypHer (red) were acquired at 0.5 Hz one after the other.
Vesicular cypHer was photobleached by continuous exposure to red light (640 nm) for 5 min.
During the cypHer bleaching procedure (Fig. 3.20), cells were bathed in an alkaline buffer

solution of pH 8.5 for better protection of surface bound cypHer molecules.

2.9 Single-molecule pHluorin experiments

The pHI expression construct was designed and generated together with Entelechon
(Regensburg, Germany). In brief, the SpH construct (Wienisch and Klingauf, 2006) was used
as a template to introduce suitable 5° and 3" ends by PCR amplification for subsequent
cloning into the pET21b(+) expression vector. A best clone screen was performed to identify

the E. coli clone with the highest protein expression. 100 ug of the pHI protein was purified
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and dissolved in 10 mM Tris, 10 mM Ethylenediaminetetraceticacid (EDTA; pH 8) with a final
concentration of 1 ug/ul. The purified protein was immobilized in a polyacrylamide gel
(Kubitscheck et al., 2000). Experiments were performed using the same laser intensity and
camera settings as in the neuronal experiments for single vesicle detection. Images were
acquired at 15 Hz (9.6 ms exposure). Square regions of interest (ROls; 1 by 1 um) were
overlaid on fluorescence spots and mean intensities were plotted. Single molecule
fluorescence amplitude was calculated by subtracting an average of 5-10 frames before and
after the bleaching step. Extrapolating from the measured photobleaching time constants at
pH 7.4 and 9 we estimated that 50 s surface fluorescence prebleaching results in up to 20 %

bleaching of the vesicular fraction of SpH at a pH of 5.5.

2.10 Image and data analysis

Data were acquired using the Andor 1Q software suite (Andor Technology, Belfast, UK).
Quantitative analysis was performed with MetaMorph 6.0 (Molecular devices, USA) and with
self-written macros in Igor Pro 6.03A (WaveMetrics Inc, Lake Oswego, OR, USA). To avoid
the bias introduced by manual selection of functional boutons, an automated detection
algorithm was used to localize the active boutons. The difference image, generated by
subtracting an average of 5 images in the time series before and after stimulation, was
subjected to an a trous wavelet transformation with the level k = 4 and detection level |4 = 1.0,
resulting in a segmented mask image (Wienisch and Klingauf, 2006). Spots on the mask
image, each representing putative functional boutons, were identified, and their co-ordinates
were used to overlay a square ROI (as mentioned above) on the original image series. Only
masks with areas between 4 and 16 pixels were accepted for localizing the bouton
fluorescence transients. All identified masks were visually inspected for correspondence to
individual functional boutons. Mean fluorescence intensities from the ROls were then plotted.
AF was calculated as the difference in average intensity of five frames before and after
stimulation (average peak fluorescence). Responses from all 10 trials of the experiments
(including failures), for each detected bouton, was used to build the AF histograms in the case

of SpH and Syt1-pHI. However, for amplitude distributions of vGlut-pHI and Syp-pHI a fraction
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of the failures (less than 10 of the quantal size) were used to get a resulting noise peak in the
histograms for fitting. Therefore, vGlut-pHI and Syp-pHI intensity histograms should not be

used as a measure of P,.

Images from cypHer measurements were analyzed using custom-written routines in Matlab
(MathWorks). Active boutons were localized based on SpH fluorescence using an automated
routine where a difference image is generated by subtracting an average of 5 frames before
from after stimulation. Spots on the difference image, each representing putative functional
boutons, were identified and centered based on the maximum pixel intensity. Only spots with
fluorescence response > 20 of baseline fluorescence were chosen for analysis. Square ROls
(1.5%1.5 pmz) were centered on these spots in both the SpH and cypHer channel and average
fluorescence profiles were then plotted. Due to the low transfection efficiency of SpH, not
every cypHer positive bouton was SpH positive. For dual-color recordings, we used the co-
ordinates of the ROIs identified from SpH response to define the positions of active boutons in
the cypHer channel. Fluorescence traces from individual boutons were normalized before

calculating the average response.

2.11 Data fitting

The AF histograms of single AP responses from SpH, Syt1-pHI, Syp-pHI and vGlut-pHI
transfected boutons were fit to a multimodal Gaussian distribution constrained by the quantal
size q (width of each peak) and coefficient of variation for the intensity measurements c,,
based on previously described procedures (Gandhi and Stevens, 2003; Lemke and Klingauf,

2005; Murthy and Stevens, 1998):

1 [x=(q-k)]?
n A _ -
— CCXP (o5 57) s 3
Zk—o k p ( 2 C-,Zn[(Q'k‘l‘T')z-l-Tz]) eqn ( )
where Ay is the amplitude (number of responses) of the K" peak, q is the average intensity of
an individual quantum (peak distance in the fit), c, is the coefficient of variation of the quantal
intensity and r is the baseline/background fluorescence. The positions of each peak were

constant and evenly spaced at integer multiples of q. Due to the smearing of the zero-order
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peak in the negative direction only a sub-range of the entire histogram was fit as indicated by
the overlaid best-fit curves. All Gaussian curve fittings were performed using Levenberg-
Marquardt x* minimization for non-linear least-square fitting. The baseline fluorescence r was
taken as the average camera readout before stimulation and represents the background noise
of our measurements which consists of a mixture of camera shot noise, laser-illumination
noise, the signal from unquenched pHI-tagged molecules on the surface and the quenched
(1/25") fluorescence of acidified SVs. This baseline fluorescence r determines the standard

deviation of the k" peaks. All other parameters were freely fit.

The in vitro single molecule histograms were fit using a multigaussian function as described

below :
_ 2
Y=o Ay - exp (— %) ....................... eqn (4)

where the parameters of the function i.e. amplitude (Ax), peak spacing (px) and standard
deviation (o) are freely fit. Since the quantal size corresponds to single pHI molecules the
zero and first-order peaks in the in vitro experiments are comparable to that of the single AP
fluorescence responses and hence represent the true resolution of the optical measurements
without any smearing in the negative direction of the zero order peak, as explained before.
From these in vitro distributions we can derive the standard deviation of the kth peaks based

on the following equation as previously described (Gandhi and Stevens, 2003).
Oktipeak = |06 + |KI0Z i eqn (5)

Based on the in vitro single molecule distributions we could empirically determine o, and
hence predict the standard deviations of the higher-order peaks in the single AP amplitude
distributions. The computed standard deviations were comparable to those estimated from the
Gaussian fitting of individual higher-order peaks for the single AP SpH distribution (Fig. S1).
The standard deviations do increase with an increase in the mean AF amplitude as expected

from Poissonian statistics, but this peak broadening is not very prominent since the baseline
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fluorescence r and oy are relatively high and hence dominate the ¢ of the kth peaks (Fig. S1).
We circumvented this problem by averaging fluorescence intensity over 5 frames and over 16

pixels (4 X 4 pixels).

2.12 Lentiviral transduction and immunoblotting

The lentivirus plasmid expressing pHI fused to the C-terminus of Syb2 was used to infect
hippocampal neuronal cultures at DIV 1. The neurons were lysed and harvested at DIV 12
using 0.1 ml of lysis buffer containing 150 mM NaCl, 10 mM Hepes (pH 7.4), 1 mM EGTA, 2
mM MgCl,, 1 % (v/v) Triton X-100 and protease inhibitor cocktail tablet (Roche, Applied
Science). The lysates were centrifuged at 8,000 rpm for 5 min. The supernatant was collected,
denatured and separated in 12 % SDS-PAGE followed by western blotting using standard
procedures. The blot was probed with a mouse monoclonal antibody against Syb2 (69.1,
1:6,000, Synaptic Systems, Goéttingen, Germany) followed by detection with an anti-mouse
secondary antibody coupled to horseradish peroxidase. The blot was developed by enhanced
chemiluminescence (PerkinElmer Life Sciences) and detected using a LAS 1000 CCD camera
(Fugifilm). To show equal loading of each lane, the membranes were washed in stripping
buffer, rinsed, and reprobed with polyclonal antibody against lactate dehydrogenase (LDH,;

SC-33781, Santa Cruz Biotechnology).
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3. RESULTS

3.1 Number of SNARE complexes necessary and sufficient for evoked fusion
3.1.1 Optical recording of single vesicle fusion

As a first step to quantify the number of SNARE molecules, it is crucial to measure fusion of
single SVs upon stimulation. pHI fusion chimeras have been used successfully to monitor exo-
endocytosis, however it has been challenging to detect single exocytic events. When pHI is
fused to the luminal domain of SV proteins its fluorescence is quenched at the acidic intra-
vesicular pH of ~5.5, but its fluorescence increases about 25-fold when exposed to the neutral
extracellular pH during exocytosis (Miesenbock et al., 1998). The resolution of such
measurements is primarily limited by background fluorescence caused by a fraction of pHI-
tagged SV proteins targeted to the presynaptic membrane. The size of this surface pool varies
for different SV proteins and has been shown to actively participate in exo-endocytic cycling
(Fernandez-Alfonso et al., 2006; Wienisch and Klingauf, 2006). While this surface pool is small
for vGlut-pHI and Syp-pHI with ~ 2-3 % for vGlut-pHI (Balaji and Ryan, 2007) and ~9 % for
Syp-pHI (Granseth et al., 2006), it is very high for SpH and Syt1-pHI with up to 30 % and 24 %
respectively (Gandhi and Stevens, 2003; Wienisch and Klingauf, 2006). Thus, single vesicle
fusion events could be easily visualized using vGlut-pHI (Balaji and Ryan, 2007) or Syp-pHI
(Granseth et al., 2006) as reporters (Fig. 3.1), but only one study so far has reported single
vesicle resolution for viral overexpression of SpH (Gandhi and Stevens, 2003), the protein of

interest here.
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Figure 3.1: Optical detection of single SV fusion events.

(a) Image of Syp-pHI and vGlut-pHI transfected boutons before (Before Stim.) and after (After Stim.) 1

AP stimulation. Difference image reveals sites of evoked release.

(b) Exemplar fluorescence traces from individual boutons exhibit instantaneous increase upon SV fusion.

The SpH background fluorescence, however, can be selectively attenuated by
prephotobleaching, since the quenched intravesicular SpH is mostly protected against
bleaching (Gandhi and Stevens, 2003). If bleaching is executed fairly rapidly, relative to
spontaneous SV fusion and recycling, the surface pool is mostly bleached, and exo- and
endocytic trafficking of SpH is normal (Fig. 3.2) (Wienisch and Klingauf, 2006). To eliminate
this background fluorescence and achieve optimal signal-to-noise ratio for single vesicle
detection, the neurons were prebleached for 50s with continuous laser illumination at 488 nm
(Fig. 3.2). The size of surface and vesicular fraction of SpH was measured with the sequential
application of acid and alkaline solution before and after bleaching (Fig. 3.2). The acid (pH
5.5) pulse selectively quenches the fluorescence of the surface pool of SpH denoted by a
decrease in fluorescence, which recovers upon reperfusion with a neutral pH solution (Fig.
3.2). Subsequently, when neurons were challenged with an NH,Cl pulse, which neutralizes pH
across all membranes and thereby unmasks all intracellular SpH, the fluorescence increased
dramatically giving an estimate of the total vesicular SpH (Fig. 3.2). By comparing the two

average fluorescence profiles before and after bleaching, it was estimated that the surface
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SpH (~ 90 %) was selectively bleached whereas the vesicular fraction remained largely

unaffected (Fig. 3.2).
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Figure 3.2: Prebleaching selectively attenuates the surface-stranded SpH without affecting the

vesicular SpH fraction.

(a) Fluorescence images of SpH-transfected Syb2/Ceb DKO neurons during the sequential pulses of an

acidic solution and NH4CI solution.

(b) Exemplar average fluorescence traces before and after laser illumination for 50 s clearly demonstrate
that ~ 90 % of the surface SpH molecules are photobleached and only ~ 10 — 15 % of the vesicluar SpH

fraction is affected (n > 1000 boutons from 4 experiments). Error bars indicate s.e.m.
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With prebleaching the surface pool for 50 s, | could indeed image single SV fusion events in
synaptic boutons of SpH-expressing WT hippocampal neurons in culture, when stimulated by
single APs (Fig. 3.3a). To obtain robust fluorescence responses without appreciable
photobleaching, the sampling rate was increased to 100 Hz and the time window for imaging
and illumination was minimized to 0.5 s. Under these experimental conditions, SpH
fluorescence responses from individual boutons exhibited instantaneous increases upon
stimulation, indistinguishable from responses obtained from boutons expressing either Syp-

pHI or vGlut-pHI (Fig. 3.3b, Fig. 3.1).

Before stim. After stim Difference.

Figure 3.3: Prebleaching enables detection of single fusion events in SpH transfected boutons.

50 a.u

50 ms

(a) Exemplar image of SpH transfected boutons before and after 1 AP. Difference image reveals sites of
evoked release.

(b) Fluorescence transients from individual boutons similar to Syp-pHI and vGlut-pHI responses in Fig

3.1.
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3.1.2 Single action potential fluorescence responses display quantal distribution

A histogram of the fluorescence responses, AF, at individual boutons upon stimulation was
constructed (Fig. 3.4). The AF distributions for all four reporters displayed several evenly
spaced peaks (Fig. 3.4). The zero-order peak represented failures to evoke fusion and
indicated the baseline variability of the measurements, while the higher order peaks
represented release of one, two or more packages (quanta) of pHI molecules. These quanta
might originate from the fusion of either single SVs, as shown in previous studies where
lowering extracellular ca® (which reduces P,) reduced the frequency of the higher-order
peaks, or alternatively from SVs with varying number of pHI molecules (Balaji and Ryan, 2007;
Gandhi and Stevens, 2003; Granseth et al., 2006). To estimate the quantal size q, the
fluorescence contribution of single fusing SVs, the histograms were fitted to multiple Gaussian
curves (Material and Methods) (Lemke and Klingauf, 2005; Murthy and Stevens, 1998),
which yielded very similar values for the reporters, namely 14.7 + 0.15 arbitrary units (a.u.) for
vGlut-pHI, 14.7 + 0.08 a.u. for Syp-pHI, and 15.2 £ 0.21 a.u. for SpH (Fig. 3.4). Moreover, the
quantal size remained invariant irrespective of the type of promoter used to drive expression
(CMV promoter for ubiquitous Syp-pHI and vGlut-pHI expression and synapsin promoter for

neuron-specific SpH expression).
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Figure 3.4: AF distributions of single AP fluorescence responses appear quantized.

AF distributions from vGlut-pHI, Syp-pHI and SpH overexpressing boutons evoked by 1 AP plotted with a
binwidth of 2.5 a.u. The smooth solid curve is the best overall fit to multiple Gaussians of fixed quantal
size q = s.d. The estimated q is 14.7 + 0.17 a.u. for vGlut-pHI (n > 30 boutons from 3 experiments, 14.7 +
0.08 a.u. for Syp-pHI (n > 100 boutons from 6 experiments), and 15.2 + 0.21 a.u for SpH (n > 400
boutons from 14 experiments; adjusted R? = 0.8 for both vGlut-pHI and Syp-pHI; adjusted R? = 0.94 for
SpH).
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3.1.3 Quantal size is equivalent to single pHluorin molecule fluorescence
3.1.3a Single molecule bleaching analysis of immobilized pHluorin

To calibrate the quantal sizes in terms of number of pHI-tagged proteins per SV,
photobleaching experiments were performed using a dilute solution of immobilized pHI
molecules on a coverslip (Kubitscheck et al., 2000). Isolated pHI molecules appeared as
diffraction-limited spots, which were then bleached by constant irradiation with a 488 nm
Argon laser (Fig. 3.5a). Single pHI molecules could be identified by photobleaching in single
steps (Fig. 3.5b). The distribution of fluorescence downsteps at pH 9 was well described by a
sum of two evenly spaced Gaussian curves with a mean size of 20.1 = 1.09 a.u. (Fig. 3.5¢).
The centre of the second peak corresponds to the average fluorescence intensity of single pHI
molecules. To compare it with the neuronal single vesicle measurements | repeated the
photobleaching experiment at a physiological pH of 7.4 (Fig. 3.5¢). | observed a shift in the
mean size to 15.3 + 0.34 a.u., fully consistent with the described pH-dependence of the
superecliptic pHI fluorescence (Sankaranarayanan et al., 2000). Likewise, the distributions of
dwell times before bleaching at pH 7.4 and 9, well described by single exponentials, reflected
the same pH-dependence (Fig. 3.5d). By further extrapolation, one could assess the fraction
of vesicular pHI molecules (at pH 5.5) bleached during a time period of 50 s. Since there is
~25 fold fluorescence change of pHI molecules upon pH transition from 5.5 to 7.4 (Balaji and
Ryan, 2007; Sankaranarayanan et al., 2000), this fraction amounted to less than 20 %
consistent with the bulk measurements (Fig. 3.2). Comparison of the single pHI fluorescence
intensity with the quantal fluorescence amplitude suggested that SVs, on average, bear one
pHI molecule (0.97 £ 0.02 SpH, 0.99 £ 0.02 vGlut-pHI and 0.96 + 0.02 Syp-pHI). Although the
quantal size corresponds precisely to a single pHI molecule, the higher-order peaks in Fig. 3.4
could well indicate fusion of SVs with greater number of pHI reporters or of multiple SVs.
Overall these estimates are in good agreement with previous studies suggesting that the
number of fusion proteins targeted per vesicle is low, close to one (Balaji and Ryan, 2007;

Fernandez-Alfonso et al., 2006; Gandhi and Stevens, 2003).

| 3. Results | 59



(b)

20 a.u.

iy
w

(c) oH 9 oH 7.4 (d)
40 40
r 1.0 7]
30 30
3 g 5
£ 20 £ 20 - = 0.5
= =] (o]
z z IC
10 - J{ 10
0 | 1 I m 0 T 1 0.0 - T T T T
-20 0 20 40 =20 0 20 40 5 10 15 20
AF (a.u.) AF (a.u.) Time of bleaching (s)

Figure 3.5: In vitro single molecule imaging reveals only few copies of pHl-tagged proteins are

targeted to SVs.
(a) Surface plot of purified pHI molecules in a polyacrylamide gel before (left) and after (right) bleaching.

(b) Exemplar intensity traces (average of 3 data points) show instantaneous single molecule bleaching

steps.

(c) Single molecule AF distribution (binned at 2.5 a.u.). The solid line is the overall fit to multiple
Gaussians of a mean unitary size (m) of 20.11 + 1.09 a.u. at pH 9 (N = 195, adjusted R? = 0.94) and
15.06 + 0.35 a.u. at pH 7.4 (N = 262, adjusted R? = 0.98).

(d) Distributions of bleaching waiting times of pHI at pH 9 (black) and 7.4 (grey) are fitted to mono-
exponential functions (blue — pH9, red — pH7.4) yielding time constants of 7.35 + 0.43 s at pH 9 and 9.65
+0.28 sat pH 7.4.
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3.1.3b Single molecule bleaching analysis of pHluorin in neuronal measurements

The above single SV recordings in hippocampal boutons have the resolution of single SpH
molecules. Therefore quite often, distinct bleaching steps of fluorescent SpH at the
presynaptic membrane are observed randomly during the time course of the optical recordings
(0.5 s at 100Hz) (Fig. 3.6). Since these bleaching steps are not time-locked to the stimulus
(Fig. 3.6), their occurrence at any of the frames before or after stimulation, which are used to
calculate the fluorescence amplitude, can smear the noise peak in the AF distributions
towards the negative values. Therefore in the noise peak of the distributions in Fig. 3.3, even
peaks or shoulders can be discerned corresponding to -1 or -2 pHI molecules. On the
contrary, the noise peak in the immobilized pHI calibration experiments (Fig. 3.5) does not
suffer from this drawback (where locking in time is done with respect to a step-like bleaching
event, not with respect to a stimulus) and therefore is a more reliable indicator of the actual
baseline variability in these measurements, since the optical settings for both the gel and
neuronal measurements were identical. The bleaching steps were thus quantified to get a
direct correlate of single pHI molecule fluorescence intensity in an identical fluorophore
environment (Fig. 3.6). The AF distribution of bleaching steps was well described by a single
Gaussian curve with a mean size of 14.1 + 0.19 a.u. (Fig. 3.6) identical to the single pHI
molecule intensity calculation (Fig. 3.6). Therefore, both the immobilized gel and neuronal
measurements of bleaching steps provide similar and hence reliable estimates of single pHI

molecule intensity.

| 3. Results | 61



(a)

A S

(c)

=
g*

154

10

Number

20a.u

E s

|
|_|_
-10 0 10 20

Frames

Figure 3.6: Single molecule fluorescence intensity quantified from bleaching steps during

neuronal measurements.

(a) Exemplar raw fluorescence traces indicating photobleaching steps occurring randomly (denoted by *)
during the single vesicle optical recordings not locked to the stimulus (grey bar) as opposed to the top 3

evoked responses.

(b) Photobleaching steps centered at the point of bleaching to quantitate the step-size and hence single

molecule intensity.

(c) Amplitude distribution (bin width 2.5 a.u.) of the fluorescence downsteps (n = 102) is well fit with a

Gaussian curve denoted by the solid line. The unitary size estimated was 15.2 + 0.29 a.u.
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3.1.4 Average number of pHluorin reporters targeted per synaptic vesicle

Although the quantal size corresponds precisely to a single pHI molecule, the higher-order
peaks in Fig. 3.4 could represent multiple fusion events or fusion of SVs with greater number
of pHI reporters. Therefore to quantify the average number of pHI reporters per SV, the single
AP AF distributions (Fig. 3.4) were binned with increasing binwidth till the distribution could no
longer be fit to a multiple Gaussian. Increasing the bin-width four-fold resulted in a quantal
distribution, which was well described with a multiple Gaussian function. The quantal size
estimated was very similar for the different reporters, namely 46.8 + 1.44 a.u. for Syp-pHlI, 46.5
+ 1.95 a.u. for vGlut-pHI, and 35.6 £ 3.85 a.u. for SpH (Fig. S$2). Comparison of the single pHI
fluorescence intensity (Fig. 3.5) with the quantal fluorescence amplitude suggested that SVs
bear on average 2.3 £ 0.25 SpH, 3.0 + 0.14 vGlut-pHI, and 3.1 £ 0.11 Syp-pHI molecules (Fig.
S$2). The one-molecule peak previously distinct in Fig. 3.4 merged into the noise peak
resulting in a large zero-order peak and the two and three molecule peak merged into the first
non-zero peak (Fig. S2). Any further increase in binwidth caused a smearing with a positive
tail, which could no longer be fit with a multi Gaussian function (Fig. S2). Overall these
estimates are consistent with previous studies suggesting that the number of fusion proteins
targeted per SV is low (Balaji and Ryan, 2007; Fernandez-Alfonso et al., 2006; Gandhi and

Stevens, 2003) and there is a sizeable fraction of SVs with one pHI-tagged reporter.
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3.1.5 SynaptopHIuorin rescues Ca**-evoked release in Syb2/Ceb null hippocampal
neurons

The single-vesicle intensity distribution with equidistant peaks at widths, close to the single pHI
molecule fluorescence, revealed a sizeable fraction of SVs fusing with only a single copy of
fluorescent SpH. Note, that in WT boutons overexpressing SpH, these SVs could contain in
addition the endogenous complement of up to 70 non-fluorescent Syb2 (Takamori et al.,
2006), which might participate in SNARE complex formation. Thus, it is not possible in this
system to estimate the number of Syb2 molecules required for exocytosis from measuring
copy numbers of SpH. To overcome this problem, | expressed SpH in hippocampal neurons
isolated from Syb2/Ceb DKO mice, thus creating a situation in which neurons contained SpH
as the only Syb2 variant. In the DKO mice, secretion is completely impaired from adrenal
chromaffin cells (Borisovska et al., 2005). Furthermore, deletion of Syb2 alone resulted in a
10-fold reduction of spontaneous fusion and 100-fold decrease in fast Ca*-triggered
exocytosis in hippocampal synapses (Schoch et al., 2001), thus providing a clean loss-of-
function background for rescue experiments. Indeed, expression of Syb2 fused to fluorescent
proteins at the lumenal domain in KO neurons was previously shown to rescue evoked
exocytosis (Deak et al., 2006; Guzman et al., 2010). Hence the ability of SpH to rescue
synaptic function in Syb2 KO hippocampal synapses was first tested (Fig. 3.7). First, the size
of the recycling pool of SVs was estimated using the alkaline trap method (Guzman et al.,
2010; Sankaranarayanan and Ryan, 2001). In this method, the vesicle proton pump, v-
ATPase, that reacidifies the lumen of SV upon endocytosis, was blocked by a specific inhibitor
folimycin, which arrested the SVs in an alkaline state after fusion. Once the entire recycling
pool (R;) was depleted with a train of 900 APs at 20 Hz in the presence of folimycin, the
fluorescence rose and plateaud with no recovery due to reacidification (Fig. 3.7a). This
increase in fluorescence signified a pure exocytic signal. Neurons were then superfused with
NH,4Cl solution immediately post-stimulation (Fig. 3.7a & b), thereby neutralizing the pH
across all membranes to 7.4 and thereby unmasking any SVs that previously did not fuse. The
fluorescence increase in response to the depleting stimulation relative to the total increase (T)

in response to the NH,4CI pulse then yielded the fractional size of the recycling pool (R/T).
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Fluorescence responses from the DKO neurons were indistinguishable from WT (Fig. 3.7b),
as was the distribution of recycling pool fraction. The peak of the distribution was at ~0.45,
consistent with previous size estimates of recycling pool (Sankaranarayanan and Ryan, 2001)
(Fig. 3.7c). The above experiment was repeated with a train of 900 APs at 5 Hz, in
hippocampal synapses, to look at SV repriming and re-release over prolonged stimulation in
hippocampal synapses. After stimulation the residual fluorescence was dequenched with a
NH4CI pulse. Average traces from DKO boutons seemed identical to WT both in terms of
kinetics and relative amplitude (Fig. 3.7d). Amplitude histogram of the fractional increase in
fluorescence upon stimulation (a) to the total increase after NH,CI (b) perfectly overlapped
between the DKO and WT boutons (Fig. 3.7e) indicating that SpH could fully rescue evoked

release in the DKO neurons.
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Figure 3.7: SpH overexpression in Syb2/Ceb DKO neurons rescues evoked synaptic

transmission.

(a) Fluorescence images of DKO hippocampal boutons overexpressing SpH before (i) and after (ii) 900

APs stimulation followed by NH4ClI application (jii).

(b) Exemplar average fluorescence responses (DKO in gray and WT in black; n > 300 boutons from 2
experiments for both conditions) to 900 APs at 20 Hz followed by NH4Cl dequenching. The relative
increase in fluorescence upon stimulation in the presence of folimycin denotes the recycling pool size

(Rc). Subsequent fluorescence increase upon NH4Cl application denotes the size of the total pool (T).

(c) AF distributions of the recycling pool fraction from SpH-overexpressing DKO (gray ; n > 1000 boutons

from 6 experiments) and WT (black ; n > 800 boutons from 4 experiments) boutons are similar .

(d) Exemplar average fluorescence response (DKO in gray and WT in black; n > 300 boutons from 2

experiments for both conditions) to 900 APs at 5 Hz (a) followed by NH4Cl dequenching (b).

(e) AF distributions of the relative increase in fluorescence upon stimulation (a / b) from DKO (gray ; n >
1500 boutons from 7 experiments) and WT (black ; n > 1200 boutons from 6 experiments) boutons are

similar.

| 3. Results | 66



The above results indicated that the fusion construct SpH is functional and fully restored
stimulation dependent exocytosis in the DKO neurons, in agreement with previous
electrophysiology measurements of Syb2 KO hippocampal neurons expressing C- and N-
terminal GFP fusion constructs of Syb2 (Deak et al., 2006). | further quantified the
fluorescence responses to weaker stimuli such as trains of 40 APs at 20 Hz, a protocol that
selectively depletes the RRP, or 100 APs, in the absence of folimycin. SpH fluorescence
profiles obtained from DKO neurons were indistinguishable from WT (Fig. 3.8a), as well as

their amplitude distributions (Fig. 3.8b).
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Figure 3.8: Fluorescence responses to 40 and 100 APs are unaltered in SpH-overexpressing DKO

boutons.

(a) Fluorescence responses (gray traces) of individual boutons to 100 APs (left) and 40 APs (right) at 20

Hz. The average response is overlaid (black line).

(b) AF distributions from SpH-overexpressing DKO (gray; n > 150 boutons from 6 experiments) and WT
(black; n > 150 boutons from 6 experiments) boutons in response to 100 APs (left) and 40 APs (right)

were similar.
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3.1.6 Two copies of SynaptopHluorin are necessary and sufficient for evoked SV fusion

In simple terms the above amplitude distributions reflect the product of P, during stimulation
and the quantal content, i.e. the number of SpH molecules per SV. Thus, a similar distribution
might either reflect a low P,, i.e. incomplete rescue by SpH, combined with a high SpH copy
number per fusing SV (high quantal content), or a full rescue (same P;) with the same low
copy number of about one SpH molecule per SV as in WT (Fig. 3.9). The latter case would
imply that only one copy of SpH, i.e. capable of forming a single SNARE complex, can rescue
rapid exocytosis in the DKO neurons. To resolve between these two scenarios, single AP
evoked SpH fluorescence responses were measured similar to those in the WT neurons. The
resulting amplitude histogram looked strikingly similar to the WT distribution with a peak
spacing of 14.9 £ 0.28 a.u. except for the first non-zero peak (Fig. 3.9b). Superposition of both
the quantal histograms revealed an almost complete lack of the one molecule peak in the
DKO rescue histogram (Fig. 3.9¢) suggesting that SVs with only one copy of SpH are unable
to fuse within ms upon stimulation. However, the higher order peaks from the DKO rescue and
WT histograms were perfectly aligned to one another. The prominence of the single molecule
peak in the WT histogram and its absence from the DKO rescue histogram signifies that
minimally two molecules of SpH are required to promote rapid vesicle fusion within less than
10 ms after stimulation, i.e. within one frame, at our 100 Hz sampling frequency. Thus, two
copies of SpH have to engage in SNARE pairing, and these two SNARE complexes are

necessary and sufficient for SV fusion during fast synaptic transmission.

| 3. Results | 68



(a) Molecular index

-m 0 m 2m 3m 4m 5m
250 — 1 1 1 1 l | 1

200 /\ WT

T T T T T T T 1

OFy e (a.u) %

Molecular index

(b) om0 m 2m 3m 4m 5m
1 | | 1 | | | | |

200 - DKO

2004

180 -

mber

3 100

80+

50
AF; pp (3.u.)

Figure 3.9: Two copies of SpH are minimally required to drive SV fusion.

(a) AF distribution from SpH-overexpressing WT boutons plotted with a bin width of 2.5 a.u. The smooth
curve is the overall fit to multiple Gaussians (adjusted R? = 0.94). The estimated unitary size is 15.2

0.21 a.u. (n > 400 boutons from 14 experiments).

(b) AF distribution from SpH-overexpressing DKO boutons plotted with a bin width of 2.5 a.u. The
smooth curve is the overall fit to multiple Gaussians (adjusted R? = 0.94). The estimated unitary size is
14.9 + 0.28 a.u. (n > 400 boutons from 15 experiments).

(c) Superimposed intensity distributions for SpH-overexpressing WT (gray) and DKO boutons (black).
The red arrow indicates the marked reduction of the first non-zero peak in spH-overexpressing DKO
boutons.
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3.1.7 Single SynaptopHIluorin molecule is unable to drive evoked fusion

In the single AP histograms of DKO rescue neurons, a small residual single molecule peak
was evident, when comparing the absolute frequencies of the fusion events of SVs bearing
one, two or three SpH molecules (Fig. 3.10a). This indicates that SVs with one molecule of
SpH may occasionally fuse. However, it cannot be excluded that during the prebleaching
period a small fraction of SpH inside the SV may become bleached despite the low pH and will
go undetected, thus leading to an underestimation of the Syb2 copy number. To resolve this
issue, the duration of photobleaching was increased to more than two-fold i.e. 2 min (Fig.
3.10b). Since all the non-zero peaks of the histograms are affected at the same rate the
resulting ratio is more or less constant for WT neurons (Fig. 3.10c). The relative ratio of the
amplitudes of the first over the second non-zero peak was quantified. Indeed, the ratio more
than doubled when the prebleaching time was increased for DKO rescue neurons (Fig.
3.10d). Thus, the small one molecule peak observed in the histogram of DKO boutons is
rather a consequence of prebleaching than an indication of SV fusion with only one SNARE

complex.

Due to irreversible prebleaching of ~20 % of the vesicle resident SpH, local recycling of the
rapidly releasable vesicles containing the bleached SpH might underestimate the actual
number of SpH molecules per SV during the later half of the recording period. On comparing
the intensity distributions from the first five consecutive recording periods to the next five for
WT and DKO rescue boutons there was no significant change in the relative frequency of the
one to two molecule peak (Fig. 3.10e & f), indicating little or no local recycling of SVs

containing bleached SpH within the measurement period.
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Figure 3.10: SVs with one copy of SpH are unable to fuse.

(a) Bar graph comparing the absolute amplitudes of the non-zero peaks from SpH AF histograms for WT
(black) and DKO (grey) boutons. The amplitudes were obtained from the best-fit model (error bars

represent s.d).

(b) AF histogram after 2 min of prebleaching in SpH-expressing DKO boutons shows ‘recovery’ of the
first non-zero peak. Superimposed is the best-fit Gaussian curve (adjusted R? = 0.89) with a unitary size

of 15.0 £ 0.50 a.u. (n > 100 boutons from 5 experiments).

(c) AF histogram after 2 min of prebleaching in SpH-expressing WT boutons. Superimposed is the best-

fit Gaussian distribution (adjusted R = 0.94). The unitary size estimated was 14.9 + 0.67.

(d) Bar diagram showing relative amplitudes expressed as the ratio of the first non-zero peak to the
second non-zero peak for WT (black), DKO (gray), and boutons prebleached for 2 min from DKO (blue)

and WT (red) neurons (error bars represent s.d.).

(e & f) The AF distributions from SpH-expressing WT (e) and DKO boutons (f) of the first five trials of the
experiments were compared to the last five. Bin width is 2.5 a.u. The peaks overlap and the relative

amplitudes of the first to the second non-zero peaks are similar in both, WT and DKO histograms.
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Does the missing one molecule peak have any effect on the net amplitude distribution? To
address this, intensity-weighted histograms were generated. A slight difference of ~10 % was
observed for DKO neurons compared to WT, better seen in the integrated distribution, which
implies that reduction of the single molecule peak does not alter the net shape of the
distribution. Hence, total release was unperturbed even when SVs with a single SpH copy are

unable to fuse. This finding is in agreement with the amplitude distributions of 40, 100 and 900

APs (Fig. 3.7 and Fig. 3.8).
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Figure 3.11: Effect of missing one molecule peak in DKO histograms on net fluorescence

amplitude.

(a) Intensity-weighted histograms generated by multiplying each bin with its respective amplitude. The
histogram was then normalized to the total number of events. The total sum of the histogram was then
calculated i.e. WT = 34.41 a.u. and DKO = 31.69 a.u. A slight but negligible difference (<10 %) between

the WT and DKO histograms was observed.

(b) This difference is better visible in the integrated histograms. Thus, the missing one molecule peak

does not affect the net fluorescence amplitude.
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3.1.8 SynaptopHlIluorin is not proteolytically cleaved

Underestimation of the actual copy number of SpH required to evoke fusion may result from
the expression of SpH molecules that are non-fluorescent, either due to misfolding or by post-
translational proteolytic cleavage of the GFP-moiety. Misfolding of GFP moieties was
previously estimated to account for maximally 10-20 %(Ulbrich and Isacoff, 2007) i.e. too low
to account for a systematic underestimation of the number of pHI molecules or SNARE
complexes. Moreover, the low number of SpH found to be sufficient to fuse SVs raises the
concern that many pHI moieties might be cleaved from SpH during trafficking to the SVs,
resulting in copies of unlabeled Syb2 in SVs, which would go undetected in my
measurements. To address this, in collaboration with Dr. Saheeb Ahmed from the laboratory
of Prof. Reinhard Jahn (Dept. of Neurobiology; Max-Planck Inst for Biophysical Chemistry),
western blot analysis of lysates from DKO hippocampal cultures overexpressing SpH was
performed with an anti-Syb2 antibody that specifically binds to the N-terminus (aa 2 - 17) of
Syb2 (note that pHI is fused to the luminal C-terminus and thus does not interfere with
detection) (Fig. 3.12). The presence of a single SpH band with no cleaved Syb2 product
confirmed that there is no significant cleavage of the fusion protein, SpH, when overexpressed
on the DKO background. In contrast, two separate bands, one correlating to endogenous
Syb2 and one representative of SpH could be detected from lysates of WT cells

overexpressing SpH (Fig 3.12).
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Figure 3.12: No cleavage of pHI upon SpH overexpression in DKO neurons.

Immunoblot of lysates from WT, DKO and SpH-overexpressing DKO and WT neuronal cultures probed
with anti-Syb2 antibody (mouse monoclonal, 69.1). Endogenous Syb2 runs at ~16 kDa, while Syb2 fused
to pHI should be shifted by ~25 kDa. Thus, the single band at ~40 kDa, in DKO+SpH lane, corresponds
to uncleaved SpH. Note the absence of any cleaved Syb2 product at ~16 kDa in the DKO+SpH lane.
The lysates from WT cells show a single 16kDa endogenous Syb2 band, while WT cells overexpressing
SpH have an additional SpH band at ~40 kDa. The loading control used was LDH and shows nearly

equal loading of the samples.

In summary, the above data provide the first evidence that two molecules of SpH and thus two
SNARE complexes are necessary and sufficient for triggered SV fusion in living central

synapses.
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3.2 Number of Synaptotagmin1 molecules required to trigger fusion

By optically recording single vesicle fusion with pHI-fusion chimeras of different SV proteins
followed by single pHI molecule calibration, it is possible to precisely quantify their copy
numbers per SV. Therefore, | tested this approach on another interesting SV protein crucial for
evoked fusion, namely Syt1. First, | estimated the number of Syt1-pHI molecules per SV on a
WT background in the presence of the endogenous Syt1. Single APs were elicited in Syt1-pHI
transfected boutons to measure fusion of single SVs. Since the surface pool of Syt1-pHI is
comparable to SpH, fluorescence transients were easily resolvable by prebleaching Syt1-pHI
transfected boutons for 50 s, like in SpH overexpression (Fig.3.3). The fluorescence
responses exhibited instantaneous increase upon stimulation similar to responses obtained
from boutons expressing SpH, Syp-pHI or vGlut-pHI (Fig. 3.13, for comparison see Fig. 3.1
and 3.3). The AF distribution consisted of several evenly spaced peaks. The quantal size
determined by fitting the histogram to a multiple Gaussian function was 13.02 + 0.49 a.u (Fig.
3.13). When compared with the single pHI fluorescence, it was estimated that SVs contain on
an average 0.85 + 0.22 Syt1-pHI molecules. This was in good agreement with other pHI-based
reporters, measured earlier, indicating that the sorting process of SV proteins is random with a

considerable fraction of SVs bearing on an average single Syt1-pHI molecule.
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Figure 3.13: One Syt1-pHI molecule is targeted per SV when overexpressed on a WT background.

(a) Exemplar image of Syt1-pHI transfected boutons before and after 1 AP stimulation (Stim.). Difference

image reveals sites of evoked release.

(b) Fluorescence transients from individual boutons (gray denotes responses and black denotes

failures).

(c) AF distribution of Syt1-pHI overexpressing boutons evoked by single APs plotted with a binwidth of
2.5 a.u (n > 40 boutons from 3 experiments). The smooth solid curve is the best overall fit to multiple

Gaussians of fixed quantal size q £ s.d. The estimated q is 13.0 + 0.49 a.u.; adjusted R? = 0.97).

By overexpressing Syt1-pHI in Syt1 KO hippocampal neurons, and hence creating a scenario
where Syt1-pHl is the only Syt1 variant, the effective copy number of Syt1 (required per SV) to
rescue synchronous release could be determined. At first, the ability of Syt1-pHI to rescue
fusion was tested in response to strong stimulation that depletes the recycling pool. A

depletion pulse of 900 APs at 20Hz was applied to measure the size of the recycling pool in
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the presence of folimycin and the remaining non-releasable pool was then dequenched with a
subsequent pulse of NH,Cl. Fluorescence increase after the 900 APs stimulation and the total
increase after NH,Cl application was plotted (Fig 3.14 a & b). Amplitude distributions of the
Syt1-pHI responses from KO neurons were perfectly superimposable on the responses from
WT neurons implying the Syt1-pHI can rescue evoked release (Fig 3.14 a & b). Previous
studies in Syt1 KO neurons have shown that fast synchronous release is markedly reduced,
but the slow asynchronous release persists (Geppert et al., 1994). Thus, the effect on total
release in absence of Syt1 is quite debatable and seems to be dependent on the type of
neuronal cultures such as autaptic cultures and mass cultures (Liu et al., 2009; Nicholson-
Tomishima and Ryan, 2004). Therefore, it remains to be tested if Syt-pHI can rescue the

kinetics of release in the KO neurons, which is the predominant effect upon Syt1 deletion.

Next, single vesicle optical recordings were performed in Syt1 KO neurons overexpressing
Syt1-pHI. This way the fluorescence contribution of single vesicle fusion would give a direct
estimate of the functional number of Syt1 molecules minimally necessary for synchronized
fusion. Boutons expressing Syt1-pHI in KO neurons displayed robust fluorescence increases
upon a single AP indistinguishable from WT responses (Fig 3.14c). The amplitude of
fluorescence change was then plotted. The single AP distribution was quantal and could be
well described by a multiple Gaussian, with several equidistant peaks and a sizeable fraction
of SVs containing one Syt1-pHI molecule (Fig 3.14c). This was strikingly similar to the
distribution observed from WT boutons (Fig 3.13). The quantal size estimated from the DKO
distribution is 14.429 + 0.192 a.u. equivalent to the WT quantal size (Fig 3.14c). On
comparison with the fluorescence intensity of single pHI molecule, it seems that a single copy

of Syt1-pHI per SV is sufficient to sense Ca®* influx and trigger fusion.
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Figure 3.14: One Syt1-pHI molecule can apparently rescue fusion.

(a) AF distributions of the recycling pool from Syt1-pHI-overexpressing KO (gray ; n > 200 boutons from

3 experiments) and WT (black ; n > 200 boutons from 3 experiments) boutons were similar.

(b) AF distributions of the total SV pool from Syt1-pHI-overexpressing KO (gray ; n > 200 boutons from 3

experiments) and WT (black ; n > 200 boutons from 3 experiments) boutons overlapped perfectly.

(c) AF distributions from Syt1-pHI overexpressing KO boutons evoked by 1 AP plotted with a binwidth of
2.5 a.u (n > 100 boutons from 6 experiments). The smooth solid curve is the overall best fit to multiple
Gaussians of fixed quantal size g £+ s.d. The estimated q is 14.4 £ 0.19 a.u.(adjusted R? = 0.92). Inset

shows exemplar fluorescence traces (gray denotes responses and black denotes failures).

(d) AF1ap histograms of Syt1-pHI transfected WT boutons overlaid on the responses from KO boutons

displayed a perfect overlap indicating that one copy of Syt1-pHlI is sufficient to initiate fusion.
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3.3 Spatial and temporal kinetics of the readily retrievable pool of native vesicle
proteins

3.3.1 pH-dependence of the cypHer probe

To determine whether cypHer-coupled antibodies can reliably measure the pH changes during
exo-endocytosis and hence map presynaptic activity, the pH dependence of its fluorescence
properties was characterized. At first, hippocampal neurons were labeled with cypHer-coupled
antibody against Syt1 (aSyt1-cypHer) by incubation at 37°C for 3-4 hrs (Material and
Methods). Then neurons were fixed and permeabilized to access all the labeled Syt1
molecules. To calibrate the pH-dependence of the cypHer dye, stained neurons were
superfused with buffers of different pH. At low pH (5.5) the fluorescence signal was maximal,
while it reached a minimum at a pH of 9 (Fig. 3.15). The normalized fluorescence (AF/F)
values were plotted as a function of pH, which was then fitted to a simple Henderson-
Hasselbalch equation (Material and methods; Fig. 3.15). The data indicate that the cypHer
dye coupled to the antibody has a pK for protonation of 7.05, ideal for measuring pH changes
during exo- and endocytosis similar to the canonical GFP-based pHI. Moreover, the pH-
dependent fluorescence properties of the cypHer dye are exactly opposite to that of the GFP-

based exo-endocytosis probe, SpH (Sankaranarayanan et al., 2000).
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Figure 3.15: pH-titration curve of cypHer-based exogenous reporter.

The average normalized change in fluorescence of aSyt1-cypHer stained hippocampal boutons from
multiple trials (each trial consisted of >30 boutons) as a function of pH. The solid curve is a fit to a simple
Henderson — Hasselbalch equation (adjusted R? = 0.99). The pK from the fit is 7.05.
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3.3.2 Live-cell labeling of neurons with cypHer-coupled antibodies

In order to monitor SV recycling, live hippocampal neurons were labeled with cypHer-coupled
antibodies, aSyt1-cypHer / aVGAT-cypHer, by incubating them at 37°C for 3-4 hrs in the
presence of 2 mM external Ca® concentration to allow antibody uptake and labeling of the
entire recycling pool (Material and Methods; Fig. 3.16a). These antibodies bind to their
specific epitopes (Syt1 and VGAT respectively) on the presynaptic membrane and get
internalized when the SVs are retrieved. Once endocytosed, the acidic vesicular lumen
protonates cypHer molecules, which emit red fluorescence when excited at 640 nm. Antibody
incubation for 3-4 hrs leads to accumulation of a considerable amount of cypHer coupled
antibodies in synaptic boutons, which exhibit a punctate staining (Fig. 3.16b). The
fluorescence of cypHer tagged molecules on the presynaptic membrane is significantly
silenced, only ~30 % is visible in neutral (pH 7.4) extracellular environment, thus allowing
localization of functional boutons possible with considerable signal-to-noise ratio. Moreover,
SV recycling occurs only in spontaneously active boutons, which makes this cypHer-based

labeling specific for active boutons.
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Figure 3.16: Live-cell labeling of hippocampal neurons with cypHer-coupled antibodies.

(a) Schematic illustration depicting fluorescence change in cypHer dye upon exo-endocytosis. CypHer-
coupled antibodies (red dots) bind to the extracellular/luminal domain of vesicular proteins (Syt1 or
VGAT) and remain quenched due to the neutral extracellular pH. The intravesicular acidic pH
dequenches the cypHer dye and the fluorescence increases. Upon SV fusion and neutralization of
cypHer dye the fluorescence declines. During endocytosis and reacidification the fluorescence signal
recovers to the baseline.

(b) Fluorescence image of hippocampal neurons labeled with aVGAT-cypHer exhibit a distinct punctate

pattern with each puncta typically representing individual active boutons.

(c) aSyt1-cypHer stained boutons are quenched using NH4Cl to estimate the total fraction of labeled Syt1
in the vesicular pool. The amplitude of the quenchable fraction after stimulation-induced (900 APs at 20
Hz) uptake of aSyt1-cypHer (gray bar) is comparable to that after spontaneous labeling (white bar) at
37°C for 3-4 hrs.
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Antibody labeling reached saturation after incubation for 3-4 hrs. The labeling strategy used in
this study does not block APs, with TTX, to exclusively measure spontaneous recycling.
However, to test the efficiency of this labeling strategy the fraction of internalized aSyt1-
cypHer was compared to the fraction labeled with a stimulation-induced labeling protocol.
Neurons were stained with aSyt1-cypHer in the presence of a strong stimulus such as 900
APs at 20 Hz, which depletes the entire recycling pool of SVs in hippocampal boutons
(Sankaranarayanan and Ryan, 2000). The neurons were then incubated at 37°C for 5-10 min
followed by extensive rinses to remove unbound antibodies. The internalized fraction of
cypHer molecules was estimated by quenching the fluorescence with NH,4CI, which
equilibrates the pH across all membranes to 7.4 and therefore unmasks any cypHer-tagged
molecules inside acidic compartments (Sankaranarayanan and Ryan, 2000). This quenchable
fraction, which represents the population of aSyt1-cypHer internalized into SVs during the
labeling time period, was comparable for both staining protocols (Fig. 3.16¢). The better
staining for spontaneous labeling can be explained by the more efficient epitope accessibility
during the period of 3-4 hrs compared to the 5-10 min period used for the stimulation-induced
labeling protocol (Fig. 3.16c). Moreover, aSyt1-cypHer labeling of neurons by spontaneous
recycling (in the presence of TTX) targets the same pool of SVs as evoked (900 APs at 20 Hz)
labeling (Hua et al., 2010) contrary to recent studies (Chung et al., 2010; Fredj and Burrone,

2009).

3.3.3 Stimulation-dependent exo-endocytosis measured using cypHer-coupled
antibodies

Once the boutons were labeled, the efficiency of the cypHer probe to monitor stimulation-
dependent exo-endocytosis was tested. Neurons were electrically stimulated by trains of APs
delivered at a frequency of 20 Hz. The cypHer fluorescence exhibited a sharp decline upon AP
firing at individual boutons due to quenching of the vesicle resident cypHer coupled antibodies
upon fusion and consequent neutralization at pH 7.4 (Fig. 3.17a). The cypHer fluorescence
reached a minimum at the end of the stimulus followed by an exponential recovery due to
dequenching of the internalized fluorophores by endocytosis and subsequent reacidification of

SVs (Fig. 3.17b & c). As is evident the cypHer approach provides a reverse fluorescence
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profile in comparison to the typical pHI response, as expected from its opposite pH-dependent
fluorescence properties. Average traces of aSyt1-cypHer stained neurons exhibited typical
stimulation-dependent fluorescence decay followed by an exponential rise (Fig. 3.17b).
Selective labeling of inhibitory boutons was achieved by incubation with aVGAT-cypHer, which
exhibited a similar punctate distribution after internalization of the probe. Upon stimulation, the
aVGAT-cypHer stained inhibitory boutons showed similar fluorescence responses as aSyt1-

cypHer stained neurons (Fig. 3.17c).
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Figure 3.17: Fluorescence response of the cypHer probe upon exo-endocytosis.

(a) Fluorescence image of neurons stained with aVGAT-cypHer before and after stimulation (Stim.) with
900 APs.

(b) Average normalized fluorescence signal of aSyt1-cypHer stained boutons in response to different AP

trains at 20 Hz (n > 50 boutons for each stimulus). Error bars represent s.d.

(c) Average normalized fluorescence signal of aVGAT-cypHer stained boutons in response to different

AP trains at 20 Hz (n > 50 boutons for each stimulus). Error bars represent s.d.
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3.3.4 Size of the surface pool of synaptic vesicle constituents

The fluorescence change of the cypHer signal scaled with the stimulus strength for both
aSyt1-cypHer and aVGAT-cypHer labeled boutons (Fig. 3.17b & c¢). The average peak
fluorescence (AF) of aSyt1-cypHer stained boutons in response to 50, 100 and 200 APs was
calculated. This peak fluorescence reports the net difference between the kinetics of exo- and
endocytosis during the stimulus. Previous studies based on SpH have shown that the initial
rate of endocytosis post stimulus is independent of the stimulus strength and is similar to the
endocytic rate during the stimulus period (Fernandez-Alfonso and Ryan, 2004;
Sankaranarayanan and Ryan, 2000). Thus, we could estimate the pure exocytosis amplitude
AF by back-extrapolation of a linear fit to the initial post stimulus rate of endocytosis for each
stimulus train (Fig. 3.18a & b). Corrected AF values, reflecting numbers of released vesicles,
rise linearly with stimulus strength (Fig. 3.18b) as shown previously for SpH (Fernandez-

Alfonso and Ryan, 2004; Sankaranarayanan and Ryan, 2000).

Up to ~30 % of SpH is stranded on the presynaptic membrane upon overexpression in
hippocampal synapses (Dittman and Kaplan, 2006; Sankaranarayanan and Ryan, 2000;
Wienisch and Klingauf, 2006). Endogenous SV proteins have also been shown to be present
on the membrane comprising a ‘surface reservoir’ of SV constituents (Taubenblatt et al., 1999;
Willig et al., 2006). To re-address this issue neurons were labeled with aSyt1-cypHer as
described above. Since the surface resident cypHer molecules are quenched by the neutral
extracellular environment, neurons were superfused with acidic buffer solution (pH 5.5) to
dequench this surface pool. Using this method, the cypHer-coupled Syt1 molecules on the
presynaptic membrane can be selectively unmasked without affecting the intracellular fraction.
Fig. 3.18c shows the average cypHer fluorescence response to the acid pulse indicating the
presence of aSyt1-cypHer on the bouton membrane. The amplitude of the fluorescence rise
from individual boutons was plotted in a histogram (Fig. 3.18d). The distribution was well fit by
a Gaussian curve (adjusted R? = 0.98) with a size of 49.46 + 1.56 a.u. The total size of this

surface pool was equivalent to the fluorescence change induced by ~70 APs (Fig. 3.18d
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inset). Therefore, the surface pool can support compensatory endocytosis of SVs for stimuli of

up to 70 APs i.e. it is quite similar in size to the RRP.
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Figure 3.18: Dose-response curve to analyse the size of the surface pool.

(a) Averaged fluorescence traces of aSyt1-cypHer stained boutons in response to 50, 100 and 200 APs
at 20 Hz (n > 50 boutons for each stimulus). Linear fit to the initial fluorescence recovery to estimate the

endocytic rate constant during stimulus. Error bars represent s.d.

(b) Average peak change in fluorescence (AF) plotted as a function of AP number (filled circles) together
with AF corrected for endocytosis during stimulus (triangles) to estimate the net change in fluorescence

exclusively due to exocytosis. These values were fit by a straight line (red).

(c) Fluorescence change in response to the acid pulse after labeling with aSyt1-cypHer. The increase in

fluorescence indicates the size of the surface pool of Syt1 molecules.

(d) Distribution of fluorescence change upon application of an acid pulse. The solid red line represents a
Gaussian fit (adjusted R? = 0.99) to the intensity distribution of fluorescence change in response to the
acid pulse. Estimated mean size is 49.46 £ 1.56. Inset shows the size of the surface pool as estimated

by the acid pulse is equivalent to the absolute fluorescence change triggered by 70 APs.
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3.3.5 Dual-color measurements of vesicle recycling kinetics using SynaptopHIluorin
and cypHer-coupled antibodies

CypHer-coupled antibodies provide a novel tool to label endogenous SV proteins and hence
monitor exo-endocytosis at hippocampal boutons in real time. To compare these fluorescence
profiles with that of the genetically encoded pH sensor, SpH, a combination of SpH
overexpression together with labeling of endogenous vesicle proteins, Syt1 and VGAT, with
the cypHer-coupled antibodies was performed in hippocampal boutons. We performed dual-
color live-cell recordings with SpH (green) in one channel and cypHer-tagged antibodies (red)
in the other with no bleed-through in between the channels, due to the wide spectral
separation of the two fluorophores. Neurons transfected with SpH were labeled with cypHer-
conjugated antibodies aSyt1-cypHer or aVGAT-cypHer, by incubation at 37°C for 3-4 hrs
(Material and Methods). Functional boutons labeled with aSyt1-cypHer colocalized with SpH
overexpression as shown in Fig. 3.19a. Due to the low SpH transfection efficiency of ~10 %
not all aSyt1-cypHer stained boutons co-express SpH. Trains of 200 APs were then delivered
at 20 Hz and the fluorescence responses were examined. SpH signals showed typical
fluorescence transients with the rising phase reflecting dequenching of SpH upon
fusion/neutralization and the decay reflecting quenching of SpH by compensatory endocytosis
and reacidification (Fig. 3.19b). In the red channel the aSyt1-cypHer responses of the same
boutons showed mirrored signals as compared to SpH, with a rapid decay phase (indicating
exocytosis) followed by a slow exponential recovery (indicating endocytosis and
reacidification) of the fluorescence signal. On fitting a monoexponential function to the
recovery phase for both SpH and cypHer signals, similar time constants were estimated (~23
s versus ~22 s; data not shown). This indicated that both probes label the same recycling pool
of SVs and hence report the same kinetics of endocytosis and reacidification. Next, inhibitory
SpH transfected boutons were labeled using the marker aVGAT-cypHer (Fig. 3.19c). About
32 % of all SpH-expressing boutons were labeled with aVGAT-cypHer representing the
fraction of inhibitory synapses in our cultures. Train stimulation with 200 APs at 20Hz induced
similar fluorescence transients in both SpH and VGAT-cypHer channels (Fig. 3.19d). The time

constant of fluorescence recovery was similar for both probes (~ 22 s) consistent with the
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aSyt1-cypHer responses. Therefore, the kinetics of endocytosis and reacidification in inhibitory
synapses is indistinguishable from the population response as probed with SpH and aSyt1-

cypHer.
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Figure 3.19: Comparison of SV recycling kinetics probed with SpH and cypHer-based technique.

(a) Staining of SpH transfected hippocampal neurons with aSyt1-cypHer. Fluorescence images show
colocalization of individual boutons expressing SpH (green) and endogenous Syt1 (red) as labeled with

aSyt1-cypHer.

(b) Average fluorescence signal of boutons during a stimulation with 200 APs at 20 Hz for both SpH
(green) and corresponding cypHer (red) channel (n > 50 boutons). The fluorescence recovery of both
SpH and cypHer traces were fit to a single exponential function. The time constant estimated by the fits
were ~23 s for SpH and ~22 s for cypHer thus reporting very similar endocytic rates. Error bars represent
s.d.

(c) Staining of SpH transfected hippocampal neurons with aVGAT-cypHer. Fluorescence images show
colocalization of individual boutons expressing SpH (green) and the inhibitory synaptic marker VGAT
(red).

(d) Average fluorescence responses to 200 APs at 20 Hz measured by SpH and cypHer in parallel (n >
50 boutons). Monoexponential fit to the cypHer response yielded a time constant of ~22 s similar to that

estimated by SpH. Error bars represent s.d. Scale bar, 5 ym.
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3.3.6 Kinetics of the readily retrievable surface pool of synaptic vesicle constituents

Previous studies have shown that there is a surface reservoir of SV constituents which actively
participates in stimulation-dependent exo-endocytic cycling and leads to molecular non-
identity between SVs exo- and endocytosed in response to the same stimulus (Fernandez-
Alfonso et al., 2006; Wienisch and Klingauf, 2006). However, the kinetics of this functional
surface pool has not been monitored in real time using a direct approach that selectively labels
the endogenous native proteins. By engineering a TEV-cleavage site between the vesicle
protein Syb2 and the pHI, the fluorescence from the surface pool of SpH could be eliminated
by TEV digest (Wienisch and Klingauf, 2006). Therefore to identify this pool, an indirect
strategy was adopted in which SpH-TEV transfected neurons were co-labeled with aSyt1-
cypHer to label the endogenous Syt1 protein (Material and Methods). Next the neurons were
incubated with TEV protease for 15 min as described previously (Wienisch and Klingauf,
2006), to silence the non-vesicular surface fluorescence of SpH-TEV transfected hippocampal
boutons while keeping the aSyt1-cypHer molecules unperturbed. The RRP was depleted by
delivering a train of 50 APs at 20 Hz (Murthy and Stevens, 1999; Schikorski and Stevens,
1997). The SpH fluorescence transient displayed an instantaneous increase followed by little
or no recovery (Fig. 3.20a, top panel) indicating that freshly exocytosed SV constituents
including dequenched SpH is not retrieved by compensatory endocytosis (Wienisch and
Klingauf, 2006). This indicates that the surface stranded pool of SV constituents are
preferentially retrieved by the endocytic machinery rather than the freshly exocytosed material.
Is this preferential uptake of membrane SpH a specific retrieval mechanism or a consequence
of overexpression, which leads to missorted SpH and hence an exaggerated surface pool? To
resolve this issue, the kinetics of the endogenous Syt1 labeled by the aSyt1-cypHer, was
examined in the simultaneously recorded cypHer channel. The cypHer fluorescence transient
showed a typical response with unperturbed fluorescence recovery indicating normal
endocytosis and reacidification of SVs (Fig. 3.20a, bottom panel). Thus, the SV components
(SpH and Syt1) being endocytosed upon exocytosis, are non-identical and derived from a
functional surface pool of SV proteins present on the bouton membrane. Moreover, upon

stronger or sequential stimulation the SpH fluorescence decay has been shown to gradually
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recover indicating that the surface pool of preexisting SpH has a limited capacity,
necessitating additional endocytosis of freshly exocytosed SV constituents (Tabares et al.,

2007; Wienisch and Klingauf, 2006).

Athough the previous experiment provides strong evidence in support of a surface pool of
endogenous SV proteins, it was not possible to selectively label and measure the kinetics of
this pool by itself. Therefore, to address this issue the vesicular cypHer fluorescence of aSyt1-
cypHer labeled SpH-transfected boutons was silenced by photobleaching at 640 nm for 5 min.
To minimize the effect of photobleaching aSyt1-cypHer on the surface pool of quenched Syt1-
cypHer molecules (since 30 % remain unquenched at pH 7.4) the neurons were superfused in
an extracellular buffer of pH 8.5 during the bleaching time (to maximize quenching), which was
then replaced with neutral buffer (pH 7.4) just before stimulation. This way most of the
vesicular Syt1-cypHer signal was silenced and a large degree of the surface fluorescence was
preserved. The SpH channel remained unperturbed both in terms of its vesicular and surface
signal. Stimulation with 50 APs at 20 Hz induced typical fluorescence transients in SpH-
overexpressing boutons with a rapid rise followed by an exponential decay (Fig. 3.20b, top
panel). The SpH signal was used to map active boutons and their cypHer fluorescence
response was then analyzed. The cypHer signal displayed little or no exocytic decrease upon
stimulation indicating that most of the vesicular cypHer was prebleached (Fig. 3.20b, bottom
panel). Notably, soon after the onset of stimulation the cypHer fluorescence markedly
increased and reached a plateau, like a mirror image to the corresponding recovery phase of
the SpH signal. This clearly suggested the preferential endocytosis of non-bleached Syt1-
cypHer molecules from the presynaptic membrane and their subsequent reacidification in the
vesicular lumen (Fig. 3.20b, bottom panel). These data confirm the presence of SV
constituents localized on the presynaptic membrane, which are readily retrieved upon
exocytosis and hence constitute a distinct RRetP. Note, a small fraction of non-bleached
vesicular cypHer molecules, due to incomplete bleaching, caused a slight delay or even small

downward dip in the cypHer traces resulting in some remaining contribution of exocytosis.
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Figure 3.20: A readily retrievable surface pool of SV constituents.

(a) Cleaving plasma membrane-stranded SpH with TEV protease does not affect the cypHer signal at
aSyt1-cypHer co-stained boutons. Average fluorescence profile in response to 50 APs at 20 Hz (n > 100
boutons). The SpH fluorescence transient (black) shows little or no recovery, while the cypHer signal
(red) exhibits normal fluorescence recovery demonstrating endocytosis of pre-existing SV proteins (Syt1)

rather than the freshly exocytosed SV proteins.

(b & c) Photobleaching the cypHer signal at a pH of 8.5 for 5 min preferentially silences the vesicular
pool of cypHer-tagged molecules. 50 APs at 20 Hz induced typical SpH fluorescence transients (black)
represented in the average trace (n > 100 boutons). However soon after the stimulus the cypHer signal
(red) for both (b) Syt1 and (c) VGAT, increases coincidentally with the SpH decay indicating endoyctosis

of vesicle proteins from a RRetP resident on the bouton membrane. Error bars represent s.d.

To assess whether such a functional pool on the presynaptic membrane exists also for SV
proteins with low copy number such as VGAT (Takamori et al., 2006), the above experiments
were repeated using SpH-transfected neurons co-stained with aVGAT-cypHer (Material and
Methods). While upon stimulation with 50 APs at 20 Hz, the SpH transient showed normal
compensatory endocytosis, the VGAT-cypHer signal increased and reached a plateau (Fig.
3.20c) indicating that even for low copy number SV proteins there exists a corresponding
functional surface complement, which is preferentially recruited and internalized by the

endocytic machinery. Therefore the presynaptic membrane acts as a major sorting platform,
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where SV constituents are recaptured and concentrated in the RRetP, which ensures the

correct molecular composition of a SV.

3.3.7 Size of the readily retrievable pool compared to the readily releasable pool

During prebleaching of the vesicular cypHer molecules, a significant fraction of the surface-
resident cypHer molecules, although quenched by the alkaline pH, also gets bleached since
the fluorescence at alkaline pH is only reduced six- to seven-fold (compared to a 25-fold
fluorescence change for SpH). The absolute size of this RRetP pool was quantified from the
cypHer fluorescence increase observed in Fig. 3.20 upon 50 APs stimulation (Fig. 3.21). The
sizes obtained were 19.5 + 6.2 a.u. for Syt1 and 17.7 + 2.1 a.u. for VGAT. The RRP size
estimated from the cypHer traces in Fig. 3.20a was 40.2 + 6.9 a.u. for Syt1 and 34.8 + 3. 6
a.u. for VGAT (Fig. 3.21). These smaller size estimates of the RRetP could be solely
attributed to partial bleaching of the surface pool, due to the small dynamic range of the
cypHer dye (less than tenfold fluorescence drop from pH 5.5 to 8.5), leading to a large

underestimation of the RRetP size.

To circumvent the bleaching problem it was attempted to measure endocytosis from the
RRetP by preferentially staining the surface-resident Syt1 molecules (Material and Methods).
The results are shown in Fig.3.22 (amplitude quantification added to Fig. 3.21). This protocol
of preferential surface labeling was able to reliably reproduce both the kinetics and amplitude
of the RRetP retrieval like in Fig. 3.20. The absolute fluorescence increase upon the 1%
stimulus was now 53. 7 + 4.8 a.u. (Fig. 3.21), which was quite similar to the above estimates
for the RRP (Fig. 3.20a) and within the range of surface pool (Fig. 3.18) sizes, equivalent to

70 APs.
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Figure 3.21: Size of the surface pool of SV constituents.

Comparison of RRP and RRetP sizes measured by different protocols for Syt1 and VGAT (n > 100
boutons). Absolute fluorescence decreases in the cypHer transient upon 50 APs at 20Hz (before
vesicular cypHer bleaching) are taken as measure for the size of the RRP (prebleach; 40.2 + 6.9 a.u. for
Syt1 and 34.8 + 3. 6 a.u. for VGAT). Absolute fluorescence increases on 50 APs at 20 Hz (Fig. 3.20b &
c; cypHer traces) post bleach can be taken as lower bounds for the RRetP sizes (postbleach; 19.5 + 6.2
a.u. for Syt1 and 17.7 £+ 2.1 a.u. for VGAT). A better estimate for the RRetP size was obtained by
preferential labeling of the Syt1 surface pool and subsequent quantification of the fluorescence increases

(Fig. 3.21a), in response to 50 APs (surface staining; 53. 7 + 4.8 a.u.). Error bars represent s.e.m.

3.3.8 Reuse of the readily retrievable pool upon sequential stimulation

Can the RRetP be re-released upon repeated stimulation? To answer this question a second
bout of stimulus was elicited 60 s later in the previous experiment to the surface Syt1-labeled
boutons to monitor the re-release of the surface pool (Fig. 3.22). The cypHer fluorescence
responses indeed displayed a fast drop due to partial exocytosis of the meanwhile recycled
RRetP followed by an endocytic increase (Fig. 3.22a). Released fractions were 27.6 + 5.1 %
for 50 APs and 49.7 + 9.2 % for 200 APs stimulation (Fig. 3.22b) in very good agreement with
similar experiments performed using FM styryl dyes as tracers (Vanden Berghe and Klingauf,

2006). However, somewhat unexpected, the endocytic increases for the second stimulus
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clearly exceeded the exocytic drops (Fig. 3.22). This overshoot most likely reflects two effects.
First, 50 APs might not fully deplete the RRetP (Fig. 3.18 suggest a capacity of rather 70
APs). Second, during staining some spontaneously recycling SVs were labeled that were
exocytosed during the first stimulus (slowing somewhat the endocytic kinetics), therefore
repopulating the RRetP (Fig. 3.22). Thus, the RRP appears to be counterbalanced by a

RRetP of similar size.
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Figure 3.22: Sequential stimulation reveals reuse of the readily retrievable pool.

(a) Preferential staining of the surface pool of Syt1. Average fluorescence profile of boutons (n > 100)
stimulated first with 50 APs at 20Hz followed by a second stimulation (Stim.) with either 50 (black) or 200
APs at 20 Hz (red). In response to the second stimulus a marked fraction of the RRetP recycled in

response to the first stimulus is released. Error bars represent s.d.

(b) Released fractions of the recycled RRetP (after first stimulus) in response to a second stimulus of 50

(27.6 £ 5.1 %; black) and 200 (49.7 + 9.2 %; red) APs. Error bars represent s.e.m.
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4. DISCUSSION

4.1 Two SNARE complexes are sufficient for vesicle fusion during fast synaptic
transmission

Recently single molecule techniques have been applied to cell biology of the synapse to count
and localize GFP fused biomolecules and also determine their density in vivo (Balaji and
Ryan, 2007; Chiu et al., 2002; Chiu et al., 2001; Sugiyama et al., 2005; Ulbrich and Isacoff,
2007). In the first part of this thesis | have applied such high-resolution fluorescence
measurements towards understanding the precise stoichiometry of SNARE complexes
sufficient to execute SNARE-dependent membrane fusion. By overexpressing a pH-
dependent switchable reporter, pHI, fused to the SV SNARE Syb2 (SpH), in hippocampal
neurons single SV fusion was monitored (Fig. 3.3). The fluorescence contribution of a single
fusing SV was calibrated with single pHI molecule measurements performed on isolated pHI
molecules immobilized in a polyacrylamide gel (Fig. 3.5). This enabled the determination of
the exact number of SpH proteins inserted per SV. The AF distributions from optical
recordings of single SV fusion appeared quantized where single pHI molecules could be
resolved as distinct peaks of mean size equivalent to the single pHI molecule fluorescence
(Fig. 3.4 and Fig. 3.5). To estimate the minimum copy number of SpH required for rescuing
fusion of an individual SV, SpH was overexpressed on a genetic null background of Syb2/Ceb
DKO hippocampal boutons. The AF distributions, obtained from single vesicle SpH
fluorescence measurements in DKO neurons, exhibited a dramatic absence of the one
molecule peak (Fig. 3.9), which clearly defined the lower bound of two SNARE (SpH)

molecules required to evoke fusion.

4.1.1 Overexpression of pHluorin-fusion chimeras

Previous studies using overexpression of the canonical pHI-based reporter, such as SpH,
have reported an exaggerated fraction of these fusion proteins at the presynaptic membrane
compared to native conditions. Such differences in the relative abundance and distribution of
the pHI chimeras have questioned the use of these probes for studying exo-endocytosis.

Therefore, it was important to determine how many copies of these pHI-tagged SV proteins
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get incorporated into SVs upon transient overexpression. Systematic calibration of single SV
fluorescence signals with single molecule bleaching analysis of purified and isolated pHI
protein gave a direct measure of the actual number of reporters incorporated per SV (Fig. 3.4
and Fig. 3.5). These measurements indicate that on average very few (about two - three)
copies of all the reporters (i.e. SpH, Syp-pHI or vGlut-pHI) get targeted per SV with a
considerable fraction of SVs having only one copy (Fig. 3.4, Fig. 3.5 and Fig. S$2). Thus, at
the level of individual SVs there seems to be a major underexpression of these proteins.
Moreover, this average copy number remains unaltered despite the type of promoter used to
drive expression. This result was quite consistent with previous single vesicle optical studies
where similar copy numbers of overexpressed pHI-tagged SV proteins have been suggested
(Balaji and Ryan, 2007; Fernandez-Alfonso et al., 2006; Gandhi and Stevens, 2003).
Compared to previously reported endogenous copy numbers of SV proteins (Takamori et al.,
2006), the number of corresponding pHI fusion protein targeted per SV in this study is
strikingly low, which argues against any potential overexpression artifact associated with these
probes for studying SV exo-endocytosis. Likewise, my experiments with the exogenous
cypHer-based probe clearly demonstrate that SV recycling is identical for overexpressed and

endogenous SV proteins.

4.1.2 Regulation of synaptic vesicle protein stochiometry and release probability

Given that there are 70 copies of Syb2 expressed per SV (Takamori et al., 2006), one would
expect a larger quantal size for SpH in the recordings from WT neurons (Fig. 3.4). However,
due to a fixed stoichiometry of SV proteins and competition with endogenous Syb2, there
might not be empty slots for SpH to fill in the SV. Surprisingly, in the absence of the
endogenous 70 Syb2 molecules (in Syb2/Ceb DKO neurons), the average copy number of
SpH per SV still remains identical (two - three copies) indicating that incorporation of SpH into
SVs is not slot-dependent (Fig. 3.4 and Fig. 3.9). Does this indicate a gross overestimation of
copy numbers by the proteomic analysis of isolated SVs? A recent study based on single
molecule fluorescence quantified the average number of SV proteins in isolated SVs and

found a relatively low number (~10) of Syb2 molecules per SV and a high variance in Syb2
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copy numbers among SVs (Mutch et al., 2011). Therefore the stochiometry of SV proteins, in
terms of Syb2 density, seems to be rather weakly regulated. Due to this high variance in the
integration of SpH into SVs, there might be a proportion of ‘dead-end’ SVs in the DKO rescue
boutons that have only one copy of SpH and are thus incapable of evoked fusion. Therefore,
this population of non-fusing SVs might ‘physically’ hinder release at the AZ and lower the
overall P.. However, this would not be expected to have a dramatic effect in my
measurements: First, since the single vesicle fluorescence distribution appears skewed, this
‘dead-end’ SV fraction is considerably small in comparison to SVs containing multiple SpH and
fails to significantly affect the synaptic release properties (Fig. 3.9). Secondly, when both
single AP fluorescence distributions are coarsely binned (quantal size reflect average copy
numbers), they appear indifferent between WT and DKO rescue conditions with identical
quantal size indicating that the average number of two - three SpH per SV remains unaltered
(Fig. S2). Therefore it seems the two and three-molecule peak together in the AF distributions
for both SpH-expressing WT and DKO neurons (Fig. 3.4 and Fig. 3.9) are relatively dominant
and contribute significantly towards the first quantal peak in the coarsely binned distribution
(Fig. S2). Thus, SVs with two or three SpH fuse more frequently in WT or DKO boutons.
Thirdly, when the fluorescence contribution of the single molecule peak is weighted against
that of the other higher-order peaks by plotting an intensity-weighted distribution, it results in a
minor difference of ~10 % between the WT and DKO boutons (Fig. 3.11). Thus, the effect of
non-fusing SVs on release property might be partially compensated by homeostatic
mechanisms at the presynapse which might upregulate the P,. Such presynaptic homeostatic
compensation is quite often observed within several minutes of postsynaptic receptor inhibition
(Davis, 2006). Over a course of two weeks post-transfection, the synapse could potentially
reorganize by increasing the number of release sites or altering the presynaptic Ca®* current

to account for low P, caused by presence of non-fusing SVs with only one SpH molecule.
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4.1.3 pHluorin maturation efficiency; implication for fluorescence amplitude estimation

The surprisingly low number of SpH required to rescue evoked fusion raises concerns over
whether all the pHI moieties are functional or not. If indeed, there is a significant fraction of
non-fluorescent SpH, where the pHI is misfolded or not fully matured, it might lead to an
underestimation of the actual number of SpH molecules per SV. However, the main results in
this study point toward a rather low fraction of fluorescently silent SpH (Fig. 3.9). Since the
occurrence of a non-fluorescent SpH molecule is random, it would be expected to equally
affect the frequency of all quantal peaks and therefore would mask the selective reduction of
the one-molecule peak in DKO rescue condition (Fig. 3.9). Hence, the dramatic reduction of
the one-molecule SpH peak (Fig. 3.9) rather indicates a relatively high efficiency of GFP
folding and maturation. Moreover, previous studies have reported that the fraction of
misfolding for GFP is very low and consequently the chromophore formation efficiency of GFP
fusion proteins is very high (~ 80 - 90 %) (Patterson et al., 1997; Sugiyama et al., 2005;

Ulbrich and Isacoff, 2007) — too high to result in any underestimation of my measurements. An

elegant study has determined the efficiency of chromophore formation for postsynaptic GFP
fusion proteins in hippocampal neurons (Sugiyama et al., 2005). Based on anti-GFP
immunostaining and single molecule calibration it was suggested that ~70-80 % of the
fluorescent proteins are functional, a lower limit considering that not all the epitopes would be
accessible by the antibody (Sugiyama et al., 2005). To cause any appreciable underestimation
of the SNARE molecules in my single vesicle measurements and hence account for the lack of

the single molecule peak in Fig. 3.9 the folding efficiency of GFP has to be considerably lower.

pHI is attached to the ectodomain next to the TMD. Thus GFP on the C-terminus has ample
time to fold during trafficking of the SV to the synapse. However, the folding of GFP should be
fully independent of the SNARE motif structure on the other side of the membrane which might
be still rather unstructured and might only completely fold when part of the SNARE complex.
This independence is demonstrated by crystallographic studies, where only the cytosolic
SNARE motifs, i.e. with TMDs chopped off, were used (Fasshauer et al., 1998b; Rizo and

Rosenmund, 2008; Sutton et al., 1998). More importantly, one would expect the one-molecule
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peak to be unaltered in presence of misfolded non-fluorescent SpH molecules contrary to the
situation represented in Fig. 3.9, since a fraction of the participating SpH molecules in the
SNARE complex would always go undetected. Thus, the proportion of non-fluorescent SpH
molecules can be well accounted for by the residual one-molecule peak of the intensity

distribution obtained from SpH overexpression in DKO boutons (Fig. 3.9).

4.1.4 Effects of local environment on pHluorin fluorescence

The similarity of the SpH fluorescence in the neuronal measurements and in vitro indicates
that the fluorophore environment does not have a considerable effect on its fluorescent
property (Fig. 3.4 & Fig. 3.5). This is quite consistent with the tightly constructed 3 barrel
structure of GFP which serves the role of protecting the chromophore well. Hence, the
fluorescence properties of the chromophore, which is largely protected by the rigid shell of
GFP, are independent of ionic strength, polarity of solution, and other conditions that might be
encountered in living cells (Lippincott-Schwartz et al., 1999; Piston et al., 1999; Tsien, 1998).
Careful single molecule calibrations have convincingly shown that GFP fluorescence intensity
is unperturbed in the cellular environment even after fixation with 4 % PFA (Brock et al., 1999;
Chalfie et al., 1994; Chiu et al., 2002). Fluorescence characterstics of single GFP molecules
have been extensively studied by immobilizing in aerated aqueous polymer gels where the
‘intrinsic intensity’ remains unaltered (Balaji and Ryan, 2007; Chiu et al., 2002; Chiu et al.,
2001; Dickson et al., 1997; Hack et al., 2000; Kubitscheck et al., 2000). Thus the fluorescence

property of GFP does not seem to be altered in my recording conditions.

4.1.5 Participation of other v-SNARE molecules

Fast Ca”"-triggered fusion in Syb2-deficient hippocampal neurons is diminished more than
100-fold (Schoch et al., 2001) and it has been convincingly shown to be the predominant
isoform of v-SNAREs in these synapses. Besides Syb2, other closely related v-SNARE
isoforms such as Ceb and Syb1 can mediate exocytosis, but they appear to be absent from
the forebrain synapses (McMahon et al., 1993; Schoch et al., 2001; Trimble et al., 1990).
However, in this study | use Syb2/Ceb DKO neurons thus eliminating both major v-SNARE

isoforms. Another study on this DKO performed capacitance measurements on chromaffin
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cells (where both Ceb and Syb2 can catalyse evoked fusion) and showed that Ca**-evoked
secretion from these cells is nearly abolished. Treatment with Tetanus toxin (TeNT) led to no
further reduction of the signal excluding Syb1 from a role in mediating fusion (Borisovska et
al., 2005). Thus it is unlikely that other Syb isoforms can compensate for the lack of Syb2 by
more than 1 % for SV fusion. However, other non-cognate SNARE interactions might occur,
which could explain the residual (less than 1 %) fusion observed in the DKO neurons (Fig.
3.9). In my data the dramatic reduction of the one-molecule peak (Fig. 3.9) is indicative of a

sole dependence on Syb2 for evoked fusion.

4.1.6 Docking and tethering of synaptic vesicles

Previous studies have suggested that the initial docking and tethering of vesicles with the
plasma membrane could be mediated by trans-SNARE pairing where the docked state could
represent a partially zippered trans-SNARE complex (Reese et al., 2005; Verhage and
Sorensen, 2008). The findings in this study provide new insight into the process of vesicle
docking, priming and fusion during fast synaptic transmission. With a minimum of two SpH
molecules per SV it is difficult to imagine that SVs could dock with their two SNAREs already
pointing to the plasma membrane ready to engage and lock with t-SNAREs. Rather, other SV
proteins could mediate the initial docking and tethering. The two SV SNAREs can freely
diffuse within the SV membrane and should therefore be positioned randomly on the SV
surface during the process of docking. However, once the SV is docked to the presynaptic
membrane, the v-SNAREs diffuse to the base of SV and engage in SNARE pairing. Taken
together, my findings imply that the initial docking is Syb2-independent and could rather be
driven by other factors such as Munc18-1 (Voets et al., 2001), Syx1A (de Wit et al., 2006) or,

as shown recently, Syt1 (de Wit et al., 2009).
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4.1.7 Molecular nature of the fusion pore

During regulated exocytosis, merger of the two membranes leads to the formation of an
aqueous fusion pore whose physical properties have long been debated (Jackson and
Chapman, 2008). As a result two contrasting schools of thought have emerged depending on
whether the pore is lined by lipid or protein. Based on my results the fusion pore is most likely
composed of lipids, two TMDs of Syb2, and two TMDs of Syx1A (Fig. 4.1). This implies that
the inner fusion pore is predominantly lined by lipids instead of SNARE TMDs being arranged
like barrel staves around the pore (Montecucco et al., 2005; Tokumaru et al., 2001; Weber et
al., 1998). However, one cannot exclude the possibility that TMDs contributed by other integral
membrane proteins such as Syt1, Syp or ion-channels may result in the formation of a

proteinaceous fusion pore after its initial inception.

Figure 4.1: An illustration of SV fusion driven by two SNARE complexes during neuroexocytosis.

Assembly of two SNARE complexes by coil-coiling of the vesicle SNARE protein Syb2 (blue) and the
two presynaptic membrane SNARE proteins Syx1A (red) and SNAP-25 (green) drives fusion. Each
SNARE complex consists of four a-helices aligned in parallel, with Syb2 and Syx1A contributing one
helix and SNAP-25 contributing two helices. The transmembrane regions of the SNARE proteins are

depicted in yellow (better seen in the version with a cut-open fusion pore on the right).

Courtesy: H. Sebesse and C.P. Adam.
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4.1.8 Kinetics and energetics of vesicle fusion

The finding that such a low copy number of Syb2 can rescue evoked fusion raises the
possibility that the kinetics of synaptic transmission, observed in SpH-overexpressing DKO
neurons, may be slower as compared to normal physiological neurosecretion where there
might be up to 70 copies of Syb2 present per SV (Takamori et al., 2006). However, an earlier
as well as a recent study have shown, that overexpression of N- or C-terminal GFP fusion
constructs of Syb2 in Syb2 KO hippocampal neurons can fully rescue the amplitude and the
fast kinetics of evoked excitatory postsynaptic potentials in Syb2 KO neurons (Deak et al.,
2006; Guzman et al., 2010). Thus, the low copy numbers of SpH per SV appear to be

sufficient to fully restore the kinetics of evoked fusion in DKO boutons.

SNARE assembly is believed to generate sufficient energy to drive membrane fusion (Hanson
et al., 1997; Hu et al., 2003; Lin and Scheller, 1997). Recent studies using a surface force
apparatus indicate that the stabilization energy of a single partially assembled neuronal
SNARE complex is ~35 kgT, which corresponds to the energy required for hemifusion of lipid
bilayers (40-50 kgT) (Cohen and Melikyan, 2004; Kozlovsky and Kozlov, 2002; Li et al., 2007).
Moreover, using isothermal titration calorimetry, the free energy estimated for the assembly of
individual SNARE complexes was found to be sufficient for membrane fusion (Wiederhold and
Fasshauer, 2009). Thus, assembly of one SNARE complex can in theory drive fusion. Indeed,
a recent study based on in vitro FRET experiments indicate that liposomes bearing a single
SNARE molecule are still capable of fusion with other liposomes or with purified SVs (van den
Bogaart et al., 2010). Why in vivo more SNARE complexes are needed than in vitro remains to
be elucidated. One reason might be the different time scales on which SV fusion and in vitro
fusion proceed: while AP-triggered SV fusion in my experiments is completed within ms, in
vitro fusion takes sec, indicating the presence of another very slow rate-limiting step upstream
of SNARE complex formation in vitro. A trivial reason might also be that Syb2 is trafficked to
SVs and to the synapse as dimers (Fdez et al., 2008). In this case, however, | would expect a
suppression of not only the one-molecule but also the three-molecule peak in the amplitude

histogram of SpH expressing DKO neurons (Fig. 3.9), which was not observed. In conclusion,
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the finding that two SNARE-complexes are sufficient and necessary for SV priming and fast
Ca®*-triggered exocytosis fundamentally revises our understanding of SNARE-mediated fusion

pore formation and membrane fusion.

| 4. Discussion | 103



4.2 Minimal number of Synaptotagmin1 required to trigger fusion

The single vesicle optical measurements demonstrate a similar amplitude distribution of Syt1-
pHI expression in KO and WT boutons with several equidistant peaks of width equivalent to a
single pHI molecule (Fig. 3.13 and Fig. 3.14). Unlike the SpH distribution in the Syb2/Ceb
DKO neurons, the single molecule peak is unperturbed when Syt1-pHI is expressed in Syt1
KO neurons indicating that one copy of Syt1-pHI can rescue evoked release (Fig. 3.14). In
principle, a single Syt1 molecule can bind five Ca® ions and therefore can fulfill the Ca** co-
operativity for single SV release. But to ensure the validity of my results, it needs to be tested
whether Syt1-pHI is indeed able to rescue the kinetics/synchronicity of release with patch-
clamp physiology. Although other isoforms of Syt, such as Syt2 and Syt9, localized on SVs
can rescue synchronous release when overexpressed on the null background, their
endogenous levels are quite low and not sufficient to mediate evoked fusion in the absence of
Syt1 (Pang et al., 2006; Xu et al., 2007). Furthermore, cleavage of Syt1-pHI would result in a
major underestimation of Syt1 copy numbers by filling SVs with unlabeled Syt1. Therefore,
proteolytic cleavage of Syt1-pHI upon overexpression needs to be checked using western blot
analysis of the cell lysates with an anti-Syt1 antibody. Despite these caveats, a previous study
based on charge neutralization of the Ca®* binding C2 domains in Syt1 proposed that as little
as two Syt1 molecules may be sufficient to initiate fusion (Stevens and Sullivan, 2003), which
is close to my estimate of one Syt1 molecule per SV. If indeed one Syt1 molecule is sufficient
to evoke release, then the quantitative model of ca® co-operativity originally proposed (Dodge
and Rahamimoff, 1967) could be attributed to the co-operative binding of Ca*" to different sites

within a single Syt1 molecule.
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4.3 Areadily retrievable pool of synaptic vesicle constituents

In the second part of the thesis the functional surface pool of endogenous SV constituents, the
so-called readily retrievable pool (RRetP) was identified in hippocampal synapses, and its
kinetics were directly monitored using a novel exogenous pH-sensitive marker, cypHer5E dye,
coupled to antibodies against the luminal domains of Syt1 and VGAT (Fig. 3.16). Due to the
opposite pH-dependent fluorescence properties of the cypHer dye as compared to pHI
(cypHer is visible at a pH of 5.5 and quenched at neutral pH) and the wide spectral separation
(cypHer Ex: 640 nm; pHI Ex: 488 nm), it could be used as a parallel and independent read-out
to reliably monitor exo-endocytosis during SV recycling in hippocampal synapses in real time
(Fig. 3.17 and Fig. 3.19). Endocytic time constants measured using cypHer-conjugated
antibodies against Syt1 and VGAT or SpH yielded comparable results indicating that both
probes do not interfere with the endocytic machinery (Fig. 3.19). Moreover, the retrieval
machinery does not distinguish between native and overexpressed proteins. To visualize the
spatial and temporal kinetics of the RRetP, endogenous SV proteins on the presynaptic
membrane were either selectively labeled by preferential surface staining with cypHer-
coupled antibodies or the vesicular cypHer fluorescence was silenced by prebleaching while
keeping the plasma membrane cypHer molecules relatively unperturbed (Fig. 3.20 and Fig.
3.22). Upon modest stimulation the preferentially labeled surface pools of Syt1 and VGAT
molecules were readily endocytosed with little or no contribution from the freshly exocytosed
SV constituents (Fig. 3.20 and Fig. 3.22). The kinetics of retrieval from the RRetP followed
the usual time course of clathrin-mediated endocytosis and could fully compensate for the
depletion of the RRP in these synapses (Fig. 3.18 and Fig. 3.21). Stronger stimulation
exhausts this pool and leads to active recruitment of newly added SV components (Wienisch
and Klingauf, 2006). Once endocytosed, this surface pool was recycled back into the RRP for
further rounds of use (Fig. 3.22). Overexpression of SV proteins, such as SpH, does not affect
the size, capacity or kinetics of this RRetP indicating that this is not a mere consequence of

surface-stranded proteins but rather a fundamental phenomenon crucial for SV recycling.
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4.3.1 A novel exogenous tracer for studying exo-endocytosis of endogenous vesicle
proteins

Most optical assays used to study exo-endocytosis in synapses rely on non-specific
membrane tracers such as FM dyes or on overexpression of genetic probes such as pHI-
fusion chimeras. Due to the high background fluorescence and slow departitioning rates of FM
dyes, it is difficult to measure fast kinetics and make conclusions about different modes of SV
recycling (Smith et al., 2008). On the other hand possible overexpression artifacts associated
with pHI-fusion proteins make it difficult to draw conclusions about the cellular distribution and
dynamics of the native SV proteins. Thus, it is essential to study the trafficking of SV proteins
in their native environment and more so in real time. Using cypHer5E-conjugated antibodies
against Syt1 and VGAT we achieved specific labeling of these endogenous SV proteins (Fig.
3.16). Antibody uptake into SVs during the 3-4 hrs incubation at 37°C, however, might be
mediated to a large degree by spontaneous recycling, and thus might label a different SV pool
in comparison to stimulation-induced uptake (Fig. 3.16) (Fredj and Burrone, 2009; Groemer
and Klingauf, 2007; Sara et al., 2005). But analysis of the spontaneous and evoked SV
recycling, using aSyt1-cypHer, revealed that both modes of release draw upon a common
pool of SVs at these central synapses (Hua et al., 2010). Due to the spectral separation
between cypHer and the GFP-based genetic probe SpH we could use the two pH-dependent
optical reporters in tandem and hence obtain two independent read-outs of presynaptic activity
(Fig. 3.19). AP-driven fluorescence transients of aSyt1-cypHer and aVGAT-cypHer-stained
boutons exhibited reverse profiles in comparison to SpH due to their opposite pH-
dependences of fluorescence (Fig. 3.17 and Fig. 3.19). However, the kinetics of endocytosis
and reacidification assayed by both methods gave similar estimates showing that this cypHer-

based approach is a reliable tool to monitor vesicle recycling at presynaptic boutons.

4.3.2 Stranded pool of vesicle proteins on the presynaptic membrane

Upon SV fusion, the vesicle constituents would be expected to mix and get diluted at the
presynaptic membrane, which would impose severe constraints on the endocytic machinery to

recapture and reform a SV. One possible solution to avoid this large dilution at the surface is
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to maintain a sufficiently sized pool of SV proteins at the presynaptic membrane, which can be
readily used by the endocytic machinery. Although the initial attempts to identify vesicle
proteins at the plasma membrane, based on immunoassays with intraluminal anti-Syt1
antibodies, were unsuccessful (Kraszewski et al., 1995; Matteoli et al., 1992), later quantitative
studies revealed a significant pool of endogenous Syt1 protein at the surface of ‘resting’
synapses (Fernandez-Alfonso et al., 2006; Willig et al., 2006). In addition, ultrastructural
studies also documented the existence of several SV proteins like Syt1 and Syb2 at the
synaptic membrane (Taubenblatt et al., 1999). Recent studies using overexpression of pHI-
tagged SV proteins (SpH and Syt1-pHI) have demonstrated a sizeable fraction (~ 20-30 %) of
these molecules at the surface (Fernandez-Alfonso et al., 2006; Wienisch and Klingauf, 2006).
Although overexpression or addition of a pHI moiety might lead to an imbalance in the
targeting of the SV proteins, it has been convincingly shown that the cellular dynamics of the
pHI-tagged proteins closely resembles those of the native proteins (Fernandez-Alfonso et al.,

2006; Wienisch and Klingauf, 2006).

It was originally proposed that the surface expression of SV proteins arises from to constitutive
recycling which may be essential not only during maturation of synapses but also for their
functional maintenance (Matteoli et al., 1992). Alternatively, the stranded pool may be a
consequence of inefficiencies in the endocytic machinery or ectopic trafficking during
synaptogenesis (Ahmari et al., 2000; Sampo et al., 2003). Overexpression does lead to a
slight mislocalisation and hence exaggeration of the size of stranded SpH or Syt1-pHI
molecules at the surface, however, the kinetics of retrieval as shown in Fig. 3.20 remain
unperturbed and are identical to that of native proteins. Coexpression of Syp with SpH
selectively alleviates the surface pool of SpH from 30 % to 10 % without affecting the vesicular
SpH fraction or the retrieval time course (Wienisch and Klingauf, 2006). Since Syp interacts
with Syb2, it ensures proper targeting of SpH (Calakos and Scheller, 1994). Therefore, by
having similar levels of both proteins, it restores the stochiometry of SpH and represents a
more physiological condition. Amounts of endogenous Syt1 on the surface probed with
intraluminal antibodies yielded similar estimates when compared to surface expression of

Syt1-pHI (19 % vs 24 %) indicating little or no mislocalisation (Opazo et al., 2010; Wienisch
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and Klingauf, 2006). Other SV proteins such as Syp-pHI and vGlut-pHI have also been shown
to exhibit some surface expression although the surface pool of these proteins is relatively
small compared to SpH and Syt1-pHI (Balaji and Ryan, 2007; Granseth et al., 2006). But even
the relatively small fraction of surface-stranded endogenous vesicle transporters (VGAT
probed with aVGAT-cypHer) is also preferentially retrieved upon exocytosis and appears to
have the same capacity as the Syt1 RRetP, indicating that almost all surface-stranded
transporter molecules had been efficiently sorted to the RRetP (Fig. 3.20). Thus the existence
of a surface pool reduces the dilution of freshly exocytosed SV constituents at the plasma
membrane and reduces the load on the endocytic machinery to recapture and resort SV

proteins.

4.3.3 Stimulation-dependent uptake of the readily retrievable pool

By probing the fate of SV proteins at the bouton membrane, we could directly demonstrate the
active and preferential uptake of this surface pool upon stimulated endocytosis thereby
uncoupling exo- and endocytosis. As shown in Fig. 3.20 upon stimulation, the cypHer
fluorescence transient enabled us for the first time to monitor the dynamics of the SVs derived
from a RRetP consisting of endogenous Syt1 or VGAT molecules. To provide direct evidence
that this surface pool actively participates in exo-endocytosis, the vesicular cypHer signal from
aSyt1-cypHer and aVGAT-cypHer stained boutons was photobleached. A stimulus of 50 APs
was then elicited, which is known to deplete the RRP of docked and primed vesicles. The
increase in cypHer fluorescence indicates preferential endocytosis of cypHer stained Syt1 and
VGAT residing in the external bouton membrane (Fig. 3.20). This preferential recruitment of
pre-existing SV constituents upon stimulation remains unperturbed with or without SpH
overexpression, thus validating previous pHI based results (Fernandez-Alfonso et al., 2006;
Wienisch and Klingauf, 2006). Although overexpression of some pHI-fusion proteins leads to
an excess of surface stranded proteins it has been shown to have no effect on the actual
functional size of this pool (Fernandez-Alfonso et al., 2006; Wienisch and Klingauf, 2006). The
size of the RRetP could be determined by selective dequenching of surface-bound aSyt1-

cypHer with a brief application of acidic buffer (Fig. 3.18). Retrieval from the surface pool
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could counterbalance exocytosis for up to 70 APs at 20 Hz (Fig. 3.18 and Fig. 3.20). We
further measured the size of this functional surface pool by monitoring endocytosis of surface
Syt1 molecules with a labeling strategy that preferentially stained the surface-resident Syt1
molecules (Fig. 3.21). Thus the RRetP has a capacity similar to the RRP (Fig. 3.20).
Moreover, it is interesting to note that even for NT transporters (VGAT), which have been
shown to occur in 5-10 copies per SV (Takamori et al., 2006), there is a functional surface

pool that is preferentially internalized upon AP triggered exo-endocytosis (Fig. 3.20).

The preferential uptake of SV constituents from a surface repertoire nicely explains the loss of
the SV protein complement postfusion and the molecular non-identity of SVs exo- and
endocytosed. Although overexpression of SpH may lead to a significant increase of the total
surface pool, using SpH and cypHer in parallel clearly defines the participation of a functional
retrievable surface pool in stimulation-dependent exo-endocytosis. The RRetP could represent
preassembled endocytic structures at designated sites near the AZs of these synapses, which
are preferentially retrieved during stimulation-dependent exo-endocytosis. Presence of this
functional surface pool of presorted endocytic structures might explain a first component of
clathrin-mediated endocytosis (Miller and Heuser, 1984). This also explains why the initial
endocytic rate remains constant irrespective of the stimulation strength as suggested in other
studies (Fernandez-Alfonso and Ryan, 2004; Sankaranarayanan and Ryan, 2000). However,
once this RRetP reaches saturation (at ~70 APs), the rate of endocytosis drops for longer
stimuli (Sankaranarayanan and Ryan, 2000) since the endocytic machinery has to invest more
energy and time to recapture and resort freshly exocytosed components to the sites of
retrieval. Since endocytosis of the RRetP (Fig. 3.20 and Fig. 3.22) itself, however, takes a
number of sec, the main advantage of a RRetP might not be so much a gain in speed but
rather a gain in the precision of resorting and reclustering to maintain maximum fusion
competence of newly endocytosed vesicles. This is in line with the counter-intuitive finding that
knock-down or knock-out of major sorting factors like AP-1 and AP-2 subunits result in similar
or even faster endocytosis kinetics of a large fraction of retrieved SV proteins (Glyvuk et al.,

2010; Kim and Ryan, 2009), probably corresponding to bulk endocytosis. However, the re-
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availability of endocytosed SVs is slowed down and the fusion competence diminished

(Glyvuk et al., 2010).

4.3.4 Spatial organization of the readily retrievable pool

How is the functional surface pool spatially organized at the presynapse? Previous studies
have shown that the endocytic machinery surrounds the active zone and is organised at the
periphery of the presynaptic membrane (Brodin and Shupliakov, 2006; Roos and Kelly, 1999;
Teng et al.,, 1999; Teng and Wilkinson, 2000). In collaboration with the laboratory of Prof.
Stefan W. Hell at the Dept. of Nanobiophotonics (Max-Planck Inst. for Biophysical Chemistry),
the spatial organization of the Syt1 surface pool at hippocampal synapses was investigated by
my colleague Cora S. Thiel using dual-color isotropic stimulated emission depletion (isoSTED)
(Schmidt et al., 2008) nanoscopy. After surface Syt1 staining, cells were fixed, permeabilized
and labeled with the cytomatrix of active zone (CAZ) marker, RIM1/2 and the post-synaptic
density (PSD) scaffolding protein, Homer1. In the three-dimensional reconstruction of
hippocampal en passant boutons from isoSTED image stacks (Fig. 4.2), distinct Syt1 patches
were found in the peri-active zone of about 500 nm around the active and PSD zones,
respectively. This pattern resembled a doughnut-like arrangement of Syt1 patches at around
the AZ (RIM1/2) and PSD complexes (Homer1). This is in agreement with previous
observations of endocytic components which were found to be enriched at the peri-active
zone, generally identified as the site of endocytosis which revealed several preassembled
patches of clathrin coats from which new vesicles could bud off (Brodin and Shupliakov, 2006;

Roos and Kelly, 1999; Teng et al., 1999; Teng and Wilkinson, 2000).
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Figure 4.2: Spatial organization of the readily retrievable pool.

3D dual-color isoSTED nanoscopy of cultured hippocampal boutons showing the localization of surface-
stranded Syt1 (red) at synapses identified by the CAZ marker, RIM1/2 (green) and the PSD marker,

Homer1 (green) respectively.

(a & b) z—Projection of a 3D image stack of Syt1 at synapses labeled by RIM1/2 (a) and by Homer1 (b),

with synapses at ROl numbered 1 to 3. Arrows mark the local orientation of the axon.

(c) Perspective views of volume rendered data. The Syt1 labeling reveals preassembled patches, which
are localized in the periphery of the active zone, i.e. typically within 500nm distance from Homer1

patches.

Courtesy: C. S. Thiel, R. Schmidt and A. Egner.

The centre-surround arrangement of exo- and endocytic zones suggests that newly added SV
constituents migrate laterally at the plasma membrane from the release sites to the endocytic
sites for subsequent retrieval. Since there is no barrier for diffusional exchange, SV
components post fusion could laterally disperse within the bouton membrane and may be
recaptured and reclustered at the peri-active zone by adaptor proteins, thus repopulating the
RRetP with fresh SV constituents. This way SV material could be rapidly and efficiently
cleared from the release site and then retained at the RRetP for compensatory endocytosis.
Thus, the preassembled patches of Syt1 at the peri-active zone, as seen in the isoSTED
images (Fig. 4.2), are fully consistent with fast recapturing of exocytosed SV proteins in the

RRetP. In fact clusters of Syt1 on the presynaptic membrane were previously detected by
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STED microscopy in a separate study (Willig et al., 2006), which concluded that the SV
constituents do not disperse but remain clustered post fusion although the degree of clustering
was too small (about two-fold) to prevent diffusional dispersion, and furthermore the

measurements on fixed neurons provide only a snapshot and do not reveal dynamics.

In order to sustain release, freshly exocytosed SV constituents need to be effectively removed
from the release site, such that its intricate molecular organization and integrity is not
disturbed for the next round of fusion. Clearance of release sites may indeed be the rate-
limiting step for docking, priming and fusion of new SVs, since accumulation of SV proteins
could jam the release site and render them refractory to further release. Previous studies have
shown that acute perturbation of endocytic proteins, such as dynamin, led to a delayed SV
replenishment and an enhanced short-term depression (Hosoi et al., 2009; Kawasaki et al.,
2000). Since the number of SVs in the synapse remained unaltered, these short-term effects
could not be explained by the unavailability of SVs for fusion. Therefore, an intermediate step
in exo-endocytic coupling, most likely the clearance of release sites was thought to be
disrupted (Hosoi et al., 2009). Post fusion release sites could be cleared by two different
modes (Fig. 4.3). In the first mode, freshly exocytosed SV proteins remain clustered and
migrate in membrane patches towards the rim of the active zone by directed diffusion (Fig.
4.3). However, clustering of SV proteins in a patch might actually jam release sites and block
clearance. In the second more likely scenario, the SV proteins initially disperse and decluster
after fusion followed by fast reclustering mediated by endocytic adaptor proteins, such as AP-2
and stonin 2 (Diril et al., 2006; Kim and Ryan, 2009), enriched near the AZ (Fig. 4.3). Thus the
rate of diffusional dispersion of SV constituents after fusion, away from the release site, would

determine how fast the release site is cleared and hence available for the next release event.
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Figure 4.3: Models of release site clearance.

(a) SV cargo proteins remain clustered after exocytosis and diffuse as a unit in raft-like patches towards

the endocytic sites thereby coupling exo-and endocytosis.

(b) SV disintegrates and its constituents disperse upon fusion and undergo rapid diffusion. This is
followed by recapturing and reclustering by adaptor proteins at the periactive zone for compensatory

endocytosis.

Taken from (Haucke et al., 2011).

4.3.5 Possible mechanisms of exo-endocytic coupling

The regulatory mechanisms coupling exo- and endocytosis are not well understood.
Exocytosis itself could be a trigger for compensatory endocytosis, where fused membrane
bound SV proteins signal their retrieval by interacting with specific adaptor proteins. Indeed
neurons lacking SV proteins required for exocytosis, such as Syb2 and Syt1, show striking

deficits in endocytosis (Deak et al., 2004; Nicholson-Tomishima and Ryan, 2004). Another
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regulatory factor coupling exo- and endocytosis could be local intracellular ca®. Interestingly
in synaptic terminals, where exocytosis was blocked with BoNT/A, influx of Ca®* upon
membrane depolarization was sufficient to trigger endocytosis (Neale et al., 1999). In three
recent studies, the importance of ca®* for coupling of exo- and endocyosis has been
emphasized (Hosoi et al., 2009; Wu et al., 2009; Yao et al., 2009). On the contrary, upon
Ca**-independent release induced by hypertonic sucrose, compensatory endocytosis was
found to be intact (Pyle et al., 2000). Thus, it is unclear whether ca® really mediates or merely
modulates exo-endocytic coupling. Moreover, it has been proposed that Ca”" elevation during
stimulation triggers a phosphorylation cascade of several accessory proteins which are
essential for endocytosis (Cousin and Robinson, 2001). Work in Drosophila neuromuscular
junctions suggests that there might be a vesicular calcium channel, flower, that once
incorporated into the plasma membrane during SV fusion would allow Ca** entry at the site of
endocytosis and thus might trigger the retrieval of SVs from the RRetP (Yao et al., 2009).
However, the detailed mechanism that couples exocytosis from the RRP and compensatory

endocytosis from the RRetP and the molecular underpinnings remain to be elucidated.
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5. SUMMARY

In this study, | have utilized pH-switchable reporters, both genetically encoded GFP-based pHI
and exogenous cypHer5E-based probes, to first estimate the minimum copy numbers of
fusogenic molecules required for SV exocytosis, and secondly to investigate the spatio-
temporal coupling of exo- and endocytosis. pHI-fusion chimeras enabled single SV and single
molecule optical resolution, which was crucial for determining protein numbers required for
exocytosis. On the other hand, the cypHer probe enabled tracking of endogenous SV proteins
during endocytosis with kinetics identical to pHI-fusion chimeras, thereby providing a

complementary tool to study SV recycling.

Fast exocytosis during synaptic transmission in conventional bouton-type synapses is the
most studied fusion reaction. However, the exact number of SNARE complexes minimally
needed for fusion during synaptic transmission is controversially debated. This study presents
the first successful attempt to optically resolve single SNARE molecules mediating fusion and
then counting the minimum number of these molecules (‘nano proteomics’) required to drive
fusion during fast Ca2+-triggered exocytosis in a physiological setting. Previous studies have
suggested a wide range of SNARE complex estimates (from 1 to 15), largely based on indirect
determinations. High-resolution optical recordings of single SV fusion, using v-SNARE
molecules coupled to pHI (SpH), followed by quantitative single pHI molecule calibration gave
a direct estimate of the exact number of SpH molecules per SV. This number was quite low
with a sizeable fraction of SVs containing a single copy of SpH. When overexpressed on a null
background (in absence of the endogenous complement of Syb2) one copy of SpH was
unable to mediate evoked fusion. Thus, a minimum of two SpH copies and hence two SNARE
complexes are necessary and sufficient for SV fusion during fast synaptic transmission. This is
a major revision of current estimates, and asks for a reconsideration of the current popular
models for membrane fusion that invoke multiple SNARE complexes in a ring-shaped
arrangement. Furthermore, the present finding has important implications for the mechanisms

underlying SV docking and priming.
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The above approach was also applied to quantify the number of Syt1-pHI molecules required
to sense Ca”* and evoke SV fusion. The amplitude histograms indicate that a single molecule
of Syt1-pHl is sufficient for SV fusion. However, the results need to be complemented by other

kinetic and biochemical measurements.

In the second part of this study, | together with my colleague Yunfeng Hua introduced a novel
pH-sensitive exogenous optical tracer; a cyanine dye variant (CypHer5E) coupled to
antibodies against specific endogenous SV proteins Syt1 and VGAT, to reliably monitor exo-
endocytosis during SV recycling in hippocampal synapses in real time. This new technique
provided an alternative and complementary tool to monitor the spatio-temporal dynamics of
SV protein recycling and to study mechanisms of exo- and endocytosis. This approach
eliminates the need of overexpression — and possible artifacts that come with it — like for pHI-
fusion constructs or of using non-specific membrane markers like FM dyes. Additionally, by
monitoring the recycling of endogenous SV proteins labeled with this new pH sensor, we
visualized for the first time the spatial and temporal kinetics of a functional surface pool of SV
proteins (RRetP) from the presynaptic membrane upon stimulation. Once the RRetP, which
has a size equivalent to that of the RRP, is depleted, it is repopulated by freshly exocytosed
SV constituents. This was corroborated by isoSTED microscopy conducted in parallel by my
colleague Cora S. Thiel in collaboration with the laboratory of Prof. Stefan W. Hell (Dept. of
Nanobiophotonics, Max-Planck Inst. for Biophysical Chemistry, Goéttingen), where they
measured the spatial distribution of the surface pool of SV constituents in hippocampal
boutons. SV proteins at the presynaptic membrane were largely concentrated at the periactive
zone close to the periphery of the bouton. These represent putative sites of endocytosis from
where preassembled SV constituents might be readily retrieved during activity thereby

enabling small CNS synapses to maintain a steady-state rate of synaptic transmission.
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Figure S1: Comparison of standard deviations of AF distributions from single molecule and

single AP experiments.

(a) Amplitude distribution of single molecule bleaching steps from Fig 3.5. The quantal standard

deviation o4 was estimated from eqn (iii).

(b) Amplitude distribution of single AP fluorescence response from Fig. 3.9 fitted with individual gaussian

functions for each of the non-zero peaks.

(c) Table comparing the calculated ok from (a) and eqn (iii; Material and Methods) with those predicted
by (b). There is a marginal increase in the ok values. The predicated i values increase in multiples of
the quantal fluorescence (mean of the 1st peak) i.e. 14.21 + 1.05 units fully consistent with the

multigaussian estimates.
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Figure S2: An average of 2-3 copies of pHI-tagged proteins are targeted per SV.

(a) AF Histograms from Syp-pHI, vGlut-pHI, and SpH transfected boutons replotted with a bin width of 10
a.u. The solid and dashed lines are the overall and individual fits to multiple Gaussians of fixed quantal
size q  s.d. The estimated q for Syp-pHI is 46.8+1.44 a.u (adjusted R? = 0.91), for vGlut-pHI 46.5+1.95
a.u (adjusted R? = 0.94), and for SpH 35.6+3.85 a.u (adjusted R? = 0.98). Comparison with single pHI
molecule intensity (Fig. 3.5) reveals that on average about 2-3 copies of pHI-tagged proteins are

incorporated per SV.

(b) Coarser binning of SpH AF distributions (from (a) with bin width > 10 a.u.) eliminates any peaks that

are visible in the histograms with a binwidth of 10 and 2.5 a.u.
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ABBREVIATIONS

AP
AP-1, AP-2
a.u.

AZ

BBS
BoNT/A
CAZ
Ceb
CME
CNQX
CNS
D,L-APV
EGTA
EM
EM-CCD
EPSC
DKO
DIV
EDTA
EGTA
E18
FBS
GABA
GFP
kDa

KO
MES
NA

NSF

NT
PC12
PFA
pHI

P,

PSD

Action Potential

Adaptor protein-1, 2

Arbitrary units

Active zone

BBS (N, N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid
Botulinum neurotoxin serotype A

Cytoplasmic matrix of active zone

Cellubrevin

Clathrin-mediated endocytosis
6—cyano—7—-nitroquinoxaline—2,3—dione

Central nervous system

D—amino—5—phosphonovaleric acid

Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid
Electron microscopy

Electron multiplying charged coupled device

Excitatory postsynaptic current

Double knock-out

Days in vitro

Ethylenediaminetetraaceticacid

Ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid
Embryonic day 18

Fetal bovine serum

y-amino-butyric acid

Green fluorescent protein

Kilo Dalton

Knock-out

2-[N-morpholino]ethane sulphonic acid]

Numerical aperture

N-ethylmaleimide-sensitive factor

Neurotransmitter

cell line derived from PheoChromocytoma of the rat adrenal medulla
Paraformaldehyde

pHIluorin

Release probability

Post synaptic density

Quantal size
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RIM1/2 Rab3-interacting molecule 1/2

ROI Region of interest

RRP Readily releasable pool

RRetP Readily retrievable pool

s.d. Standard deviation

s.e.m. Standard error of mean

SNAP Soluble NSF attachment protein
SNAP-25 Synaptosomal associated protein of 25 kDa
SNARE SNAP receptor

SpH Synaptobrevin2-pHluorin

STED Stimulated emission depletion
Syb2 Synaptobrevin2

Syp1 Synaptophysin1

Syt1 Synaptotagmin

Syx1A Syntaxin-1A

SV Synaptic vesicle

TeNT Tetanus neurotoxin

TEV Tobacco-etch-virus

TIRFM Total internal reflection fluorescence microscopy
TMD Transmembrane domain

TTX Tetrodotoxin

vGlut Vesicle glutamate transporter
VGAT Vesicle GABA transporter

WT Wild type
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