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Abstract

Synaptic neurotransmission depends on the action of highly specialized small secretory
organelles — synaptic vesicles. At all chemical synapses the synaptic vesicles release in a
strictly regulated fashion their neurotransmitter into the synaptic cleft, by fusing with the
plasma membrane (exocytosis) at structurally and functionally well organized sites (active
zones). The fused vesicles get retrieved (endocytosis), refilled with neurotransmitter and
returned to the vesicle cluster near the active zone in order to supply fusion-competent
vesicles for further rounds of neurotransmission, thus completing a process termed vesicle
recycling. While the molecular key players in the synaptic vesicle cycle have been
characterized in detail for conventional synapses, the general mobility of synaptic vesicles is
still poorly understood, with only averaged behaviors (over populations of vesicles) known.
How could vesicle behavior actually be described when single vesicles are analyzed? The
small size of synaptic vesicles (~ 40 nm in diameter) and the dense clustering at the active
zone makes it difficult to study their behavior, since conventional imaging techniques are
restricted to a resolution of ~200-300 nm by the diffraction limit of light. | investigated here
synaptic vesicle mobility throughout the synaptic vesicle cycle, using both conventional and
sub-diffraction high-resolution stimulated emission depletion (STED) fluorescence
microscopy. | obtained a thorough description of vesicle recycling in hippocampal synapses.
Single vesicle tracking revealed that a large resting pool of vesicles has a low mobility, while
active, recently endocytosed vesicles exhibit a high-mobility state for a substantial amount of
time. They eventually become resting vesicles by integrating into the vesicle cluster
(“maturation”). After exocytosis the fused vesicles appear to remain and move as multi-
molecular protein patches in the plasma membrane, which afterwards recycle back into the
synapse. All these mobility characteristics are in good agreement with the well-known
pathway of vesicle recycling. FM photo-oxidation, in combination with high-resolution
electron microscopy revealed that endosomes are involved in this recycling process, in good
agreement with previous literature. Having thus obtained a thorough understanding of vesicle
behaviour and recycling in conventional synapses, | proceeded to compare this with a non-
conventional sensory synapse, the mammalian cochlear inner hair cell (IHC). | used various

membrane labeling techniques, and chose FM photo-oxidation as the optimal tool to analyze

VIl



vesicle recycling in IHCs. | observed that a variety of recycling organelles are present, and |
suggest that several organelle classes are involved in vesicle recycling, largely in contrast to
conventional synapses. | conclude that the basic mechanisms of vesicle recycling in
conventional and sensory synapses are related, but that sensory synapses contain
particularities which may reflect the much stronger membrane recycling in IHCs compared to
conventional synapses.
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1 Introduction

1.1 Synaptic Function

The nervous system is composed of functional independent units — termed nerve cells or
“neurons” (Wilhelm Waldeyer, 1891, see Golgi, 1906). The human brain contains around
10* neurons (with around 1000 subtypes) and 10-50 times as many supporting cells. More
than a century ago the first light microscopic studies on nerve cell morphology were
performed by Santiago Ramoén y Cajal. In his “Neuron Doctrine” he postulated that the
nervous system is formed by anatomically and functionally discrete cells (Cajal, 1894).
Furthermore, he also postulated that nerve cells are the basic units of signal processing in the
brain by propagating the nervous impulse along their processes to finally transmit the
information from one nerve cell to another at specialized contacts — eventually termed
“synapses” (Forster and Sherrington, 1897). Accordingly, the synaptic connections of nerve

cells are the fundamental basis of sensory processing, behavior and general brain function.

Despite the enormous diversity of neuronal cell types, each nerve cell is specialized for the
propagation and transmission of electrical signals. All nerve cells exhibit the same general
morphological features: a nucleus-containing cell body from which various processes arise.
These can be separated into numerous branched dendrites and a single axon. A signal usually
reaches the cell at a dendrite or the cell body, is processed at the cell body and then
forwarded along the axon. In the final step the information is transmitted to other nerve cells
or non-neuronal cells (e.g. muscle cells) at the above mentioned specialized synapses.

Two types of synapses are known, chemical and electrical neuronal junctions. Electrical
synapses are less numerous than chemical synapses, but are found in all nervous systems
where fast neuro-transmission is of importance (see review of Bennett and Zukin, 2004). The
characteristical feature of an electrical synapse is a specialized intercellular structure that
links both communicating nerve cells together which is called “gap junction”. Gap junctions
are composed of several superimposed channels in both cells. lons and other molecules (e.g

ATP) can passively diffuse between the neurons through the large pores of these channels



(Purves et al., 2001). The synaptical part of the neuron from which the current flows is called
presynapse; the synaptical part in the receiving neuron in turn is called postsynapse. The
current flow directly triggers the change in the postsynaptic membrane potential. The
electrical synapse features two important properties: first, the signal transmission can in

principle occur bidirectional, and second, the transmission speed is very high.

The pre- and postsynaptic site of chemical synapses in turn are separated through a 20-40 nm
“synaptic cleft” (Kandel et al., 2000) (see Figure 1.1). Thus, the signal cannot be transmitted
electrically via current flow. The crucial role for the signal transmission is played by small,
membrane-enclosed organelles — termed synaptic vesicles (Sudhof, 2004; Takamori et al.,
2006). The synaptic vesicles store chemical substances (neurotransmitters) that are used for
the signal transduction process — hence the name chemical synapse. Neuronal transmission
starts with the action potential-triggered release of the neurotransmitter into the synaptic cleft
(Katz, 1969). The chemical messenger diffuses across the cleft and binds to their appropriate
receptors on the postsynaptic plasma membrane, leading thereupon to the opening or closing
of ion channels. Finally, an inward flow of ions changes the membrane potential of the
postsynaptic cell. Consequently, Cajal was only partially right with his statement of nerve
cells being the basic unit of signal transduction — perhaps this title would fit better the
neurotransmitter-containing synaptic vesicles (see above).

It is obvious that the entire transmission process at a chemical synapse is substantially slower
when compared to electrical synapses, where the presynaptic neuron is directly linked with
the postsynaptic membrane potential, and where signal transmission is not dependent on

vesicle release, or neurotransmitter diffusion and binding to receptors.

1.1.1 Vesicles: Small Organelles with Great Responsibility

Vesicles are the smallest membrane-enclosed organelles that store or transport substances
between different compartments within a cell. Therefore, they fuse with the membrane of
target organelles to load or unload their cargo. Due to their appearance and features, vesicles
are subdivided into various types (e.g. secretory vesicles (synaptic vesicles), transport

vesicles, dense core vesicles).



One important vesicle type are the secretory synaptic vesicles of nerve cells (see above).
Their sole function is neurotransmitter release. An ordinary, mature synaptic vesicle is
spherical in shape and has on average an outer diameter of approximately 42 nm (Takamori
et al., 2006). The vesicles of a synapse are grouped in vesicle clusters (Figure 1.1). The
synaptic vesicle has an unique lipid composition (Benfenati et al., 1989) and high quantities
of membrane-associated and trans-membrane proteins (130 x 10° trans-membrane
regions/um?) that are for the most part accountable for the accurate vesicle function in the
release process (Takamori et al., 2006). Important trans-membrane proteins are for example
the neurotransmitter transporters, which actively transport in co-operation with a vesicular
ATPase (proton exchange) small neurotransmitters into the vesicle lumen (e.g. glutamate,

GABA (y-aminobutyric acid), acetylcholine or glycine).

A second type of synaptic-related vesicles is accountable for the release of hormones and
neuroactive-peptides — termed “dense core vesicles”. They are named after their dark/ black
appearance on electron micrographs, caused by proteins and nucleotides which are
incorporated as a binding matrix for the real signal molecules (Artalejo et al., 1998). In
contrast to dense core vesicles, the small neurotransmitter-containing synaptic vesicles appear
translucent on electron micrographs and are thus called clear core vesicles. The second
disparity between the two vesicle types is the size. The dense core vesicles are substantially
larger, ranging between ~80-120 nm in diameter (Sorra et al., 2006). It is believed that the
smaller dense core vesicles are used as transport organelles for the delivery of important
synaptic components from the cell body to the synapse, e.g. the active zone proteins bassoon/
piccolo (see below) (Shapira et al., 2003; Sorra et al., 2006; Santos et al., 2009). Thus, only
the larger ones (~100-120 nm) may be responsible for the secretion of neuroactive-peptides
(e.g. neuropeptide Y, growth hormones) (Sorra et al., 2006). Furthermore, the secretion of
synaptic vesicles and dense core vesicles varies, with a slow release of the contents from
dense core vesicle versus the fast release of neurotransmitter from small vesicles (1.3 ms for
80000 molecules and 260 ps for 4700 neurotransmitter, respectively) (Bruns and Jahn, 1995).
However, the initiation for release appears to be equally fast for both vesicle types (Bruns
and Jahn, 1995).



An important role can also be assigned to the general transport vesicles within the cell. All
cells are to some extent compartmentalized, containing various organelles that accomplish
different tasks within the cell. In this respect the transport vesicles are used for the specific
intracellular protein and lipid trafficking between the organelles (e.g. protein transport from
the endoplasmic reticulum to the Golgi complex and to the plasma membrane). In particular,
theses vesicles are outstanding actors in the secretory and endocytic pathways (Palade, 1975).
Since the axon and the synapses lack the machinery for the protein biosynthesis and
assembling (e.g. endoplasmic reticulum and Golgi complex) a role in supplying the
presynaptic nerve terminal is assigned to transport vesicles (for example realized by small
dense core vesicles, see above). Thus, packages of axonal plasma membranes, synaptic
vesicle membrane proteins, and synaptic plasma membranes are transported down the axon
after their synthesis in the neuronal cell body, by microtubule-associated motor-proteins (e.g.
kinesin). Evidence for the biosynthesis of synaptic vesicle proteins in the cell body came
from immunostaining experiments, showing the colocalization of synaptic vesicle proteins
with the Golgi complex (e.g. synaptophysin (Fletcher et al., 1991; Mundigl et al., 1993),
synaptotagmin, synaptobrevin, p29 and SV2 (Mundigl et al., 1993)). Upon arrival at the
presynaptic nerve terminal, the synaptic vesicle membrane proteins undergo cycles of
constitutive exo- and endocytosis prior to their final separation into mature synaptic vesicles
(reviewed in Santos et al., 2009).

1.1.2 Key Players of Vesicle Release in Conventional Synapses

Synaptic vesicles are directly and indirectly (for example by storing neurotransmitter)
involved in the function of the synapse. Neurotransmitter release is a complex process that
involves a strictly regulated cascade of protein interactions. Prior to neurotransmitter release,
important steps of the synaptic vesicles need to be conducted. The essential stages before
fusion are vesicle docking (or tethering) and priming at the membrane. Docking, priming and
release is conducted at specialized presynaptic plasma membrane sites — termed “active
zones” (AZs) (reviewed in Dresbach et al., 2001). AZs are composed of an electron-dense,
biochemical insoluble material connected to the plasma membrane, and contain various
linked proteins, forming the cytomatrix assembled at the active zone. These include the two

large scaffolding proteins piccolo and bassoon (tom Dieck et al., 1998), the multi-domain



proteins of the RIM family (Rab3-interacting molecules), and CAST/ERC proteins as well as
alpha-liprins and Munc13 (Brose et al., 1995). The synaptic vesicle protein Rab3 guides and
docks the synaptic vesicle to the AZ and interacts with the cytomatrix protein RIM (Gracheva
et al., 2008). The synaptic vesicle becomes primed through the further interaction of RIM
with the AZ protein Munc13, resulting in the formation of a tripartite complex (Betz et al.,
2001; Dulubova et al., 2005). The primed vesicle is thus fusion competent for calcium
triggered vesicle release.

The arrival of an action potential in the synapse opens voltage-gated calcium channels at the
AZ which leads to a local increase in the calcium concentration. Calcium ions can then bind
to the synaptic vesicle protein synaptotagmin, the vesicle calcium sensor, and trigger
neurotransmitter release of the primed vesicles. Synaptotagmins are trans-membrane proteins
with a short intra-vesicular (N-terminal) domain, a single trans-membrane domain and two
cytoplasmic C,-domains — C,A and C,B (Geppert et al., 1991). These domains bind three and
two calcium ions, respectively (Ubach et al., 1998; Fernandez et al., 2001). As a result of the
calcium binding, the C,-domains become attached to the plasma membrane (Brose et al.,
1992). Additional binding spots are thereupon allocated for the calcium ions through the
negatively charged head groups of the phospholipids and consequently more calcium ions are
able to bind to the C,-domains (Fernandez-Chacdn et al., 2001). The further connections of
synaptotagmin with the membrane protein neurexin (Hata et al., 1993) and the calcium
channels (Leveque et al., 1992) possibly locates the vesicle in an optimal position to respond
to the local calcium increase at the active zone. Besides the calcium-dependent complex
formation with phospholipids, synaptotagmin binds as well to syntaxin 1 of the SNARE
complex (Bennett et al., 1992b; Chapman et al., 1995; Li et al., 1995).

The SNARE proteins (soluble N-ethylmaleimide-sensitive factor attachment protein receptor)
are the key actors for the actual fusion process. They are diverse in structure and size but all
have a small homologous sequence (60-70 amino acids) — named “SNARE motif”. This
motif is the important structure of the SNARE proteins (Fasshauer et al., 1998). Besides the
many SNARESs used for intracellular fusion events (reviewed in Bonifacino and Glick, 2004),
a specific set of SNAREs mediates synaptic function (synaptobrevin, syntaxin, SNAP-25).
SNAREs are needed on both opposing membranes. The ones on the vesicle are called v-
SNAREs and the ones on the target plasma membranes are called t-SNAREs (Soéllner et al.,

1993b). The synaptic vesicle protein synaptobrevin-2 is the synapse specific v-SNARE (also



known as VAMP2: vesicle associated membrane protein (Baumert et al., 1989)). The
neuronal t-SNAREs on the plasma membrane are syntaxin 1 (Bennett et al., 1992a)(also
known as p35) and SNAP-25 (synaptosome-associated protein of 25 kDa; (Oyler et al.,
1989). For vesicle fusion the three SNARE proteins come into close proximity, resulting in
the assembly of the SNARE domains in a ternary parallel helical bundle between the synaptic
vesicle and the plasma membrane (Sutton et al., 1998). Ultrastructural analysis of this twisted
bundle revealed the presence of four helices, as SNAP-25 contributes two alpha-helical
domains that are connected by an unstructured loop (Sutton et al., 1998). The opposing
vesicle membrane and the plasma membrane connect and fuse using the free energy that is
released during the “zipper-like” assembly of the four-helix SNARE complex (Hanson et al.,
1997). Although SNAREs are sufficient for vesicle fusion in vitro (Pobbati et al., 2006),
other partners are mandatory to fulfill membrane fusion at the AZ, for example Muncl13 may
bind to the t-SNARE syntaxin 1, and RIM may interact with SNAP-25 (Betz et al., 1997,
Coppola et al., 2001). For a more detailed view of the function of SNARE proteins and the
protein-protein interplay in membrane fusion see Jahn et al., 2003 and Rizo and Rosenmund,
2008. After membrane fusion and neurotransmitter release the individual SNARE proteins
get “recycled” by the dissociation of the twisted bundle. The re-assembling of the ternary
SNARE complex is mediated by the enzymatic ATPase activity of the AAA™ (ATPase
associated with cellular activities) protein NSF (N-ethylmaleimide-sensitive factor) (Block et
al., 1988) and its co-factor alpha-SNAP (Sollner et al., 1993a).

1.2 Synaptic Vesicle Pools

Although clear core synaptic vesicles all look identical in electron micrographs, and appear to
have identical molecular compositions (Takamori et al., 2006), they are functionally
different, as some vesicles are more “releasable” than others. Therefore, the vesicles of each
synapse have been categorized into vesicle pools according to their position relative to the
active zone and their release probability (reviewed in Rizzoli and Betz, 2005). Two major
vesicle pools have been described so far: the recycling pool and the resting pool. The former
includes a small third pool of almost negligible size, but of high importance — the “readily
releasyble pool” (RRP). The RRP are the synaptic vesicles that are docked and primed at the

AZ and released first upon the arrival of an action potential (Schikorski and Stevens, 2001).



Non-docked recycling pool vesicles replenish the RRP after its depletion. Thus, the recycling
pool vesicles (~10-20% of all synaptic vesicle in a synapse) are the vesicles that undergo
rounds of exo- and endocytosis (the synaptic vesicle cycle, see below) (Schikorski and
Stevens, 2001; Sudhof, 2004). The other 80-90% of the vesicles belong to the resting pool
and do not directly participate in vesicle release at physiological activity. However, they are
recruited to release upon high frequency stimulation (non-physiological) after the depletion
of the recycling pool (Sudhof, 2004; Rizzoli and Betz, 2005).

Most recently, other vesicle pools were proposed, like the pool of stranded vesicle proteins
on the plasma membrane (Gandhi and Stevens, 2003; Wienisch and Klingauf, 2006), the pool
for spontaneous vesicle release (Sara et al., 2005), and a “superpool” of vesicles that are
shared by multiple neighboring release sites (Darcy et al., 2006; Westphal et al., 2008; Staras
et al., 2010) reviewed in (Staras, 2010)), although these “pools” are typically easy to

reconcile with the vesicle types described above (see Denker and Rizzoli, 2010).

1.3 Synaptic Vesicle Recycling in Conventional Synapses

In a conventional central nervous system (CNS) synapse the synaptic vesicles are
accumulated in front of the AZ at rest (in what is termed the synaptic vesicle cluster) (Figure
1.1). Upon the arrival of an action potential the synaptic vesicle fuses with the plasma
membrane (exocytosis). By a specific and rather complex mechanism — called endocytosis —
the vesicle material gets retrieved form the membrane next to the AZ to form new vesicles,
that are moved back to the vesicle cluster for subsequent rounds of release (De Robertis and
Bennett, 1954; Birks et al., 1960; Ceccarelli et al., 1973; Heuser and Reese, 1973; Holtzman
et al., 1973; reviewed in Sudhof, 2004; Doherty and McMahon, 2009). Two principles
explain the importance of the compensatory retrieval (vesicle recycling) of the vesicle
membrane from the synaptic surface. On the one hand constantly fusing vesicles would
heavily increase the surface area of the synaptic plasma membrane. On the other hand at
some point the synapse would run out of vesicles and the energy input for the biosynthesis of
new synaptic vesicle membranes and proteins in the neuronal cell body would be much too
expensive. In addition, the newly synthesized vesicle components need to be transported
towards the release sites, and a segregation mechanism would be necessary to dispose of the

old fused vesicle material from the plasma membrane (which again would result in high



cellular expenses). Thus, local vesicle recycling is the most effective way for the nerve cell,
and to guarantee reliable neurotransmission.

This cycle of synaptic vesicles between intra-synaptic and synaptic surface localization is
termed the “synaptic vesicle cycle” (Sudhof, 2004). After half a century of synaptic research,
vesicle (re-) cycling is not completely understood. Up to now various models of vesicle
retrieval and their reuse are controversially discussed (Sudhof, 2004; Doherty and McMahon,
2009) (see Figure 1.1 for a schematic representation of the different vesicle recycling models
(Kamin and Rizzoli, 2009)). Three hypothesized recycling models are discussed below: kiss-

and-run, clathrin-mediated endocytosis, and bulk retrieval.

1.3.1 Kiss-and-Run

Synaptic vesicle recycling is directly linked to the mode of vesicle fusion. Synaptic vesicles
could connect briefly with the plasma membrane through the formation of a transient fusion
pore to release their contents (Alvarez De Toledo et al., 1993; Fesce et al., 1994; Klingauf et
al., 1998; Pyle et al., 2000; Aravanis et al., 2003). After neurotransmitter release, the pore
closes and the synaptic vesicles could be reused immediately (Harata et al., 2006). The empty
synaptic vesicles could then remain at the active zone and refill with neurotransmitter, what is
termed “kiss-and-stay”, or they detach from the active zone and get refilled elsewhere, what
is termed “kiss-and-run” (Figure 1.1, black arrow) (Fesce et al., 1994; Aravanis et al., 2003;
Gandhi and Stevens, 2003; Harata et al., 2006).

1.3.2 Clathrin-Mediated Endocytosis

Another fusion mode is described by a full-collapse of the synaptic vesicle with the plasma
membrane (Heuser and Reese, 1973). The synaptic vesicle needs then to be recycled via an
endocytic retrieval pathway (Ceccarelli et al., 1973; Heuser and Reese, 1973). Before
synaptic vesicle retrieval, the vesicle moves laterally across the plasma membrane, possibly
in a protein cluster (Willig et al., 2006; Opazo et al., 2010), to get then recycled at the
periactive zone via clathrin-mediated endocytosis (CME) (Figure 1.1, red arrows) (Takei et

al., 1996). In 1973, Heuser and Reese were the first who described the clatrhin-dependent



mode of synaptic vesicle recycling and generated a schematical model, which is since then
taken as the “classical” model of the synaptic vesicle cycle (Heuser and Reese, 1973). CME
is characterized by its major protein clathrin, named to indicate the lattice-like structure (the
“coat”) it forms around the endocytosed vesicle (Heuser and Reese, 1973; Pearse, 1976). The
clathrin protein is composed of three 192 kDa heavy chains each linked to a 30 kDa light
chain, which co-assemble to form a three-legged structure (“triskelion” (Kirchhausen et al.,
1986)). Clathrin proteins are capable of their self-assembly into a lattice of hexagons and
pentagons. These form a coated structure on the vesicle material at the plasma membrane —
termed clathrin-coated pit. Clathrin works with various endocytic proteins through a cascade
of protein interactions to build the cage around the fused material. One of the most important
clathrin interaction partners is the adaptor protein 2 complex (or assembly protein, AP2
(Boucrot et al., 2010)), which is recruited to the membrane prior to the clathrin triskelions. It
regulates the clathrin lattice-formation by interacting with both clathrin and the fused
membrane to finally form a clathrin-coated pit (Miller and Heuser, 1984; Boucrot et al.,
2010). After the pit formation the invaginated coated vesicle pinches off the membrane with
the help of the GTPase activity of dynamin (Koenig and lkeda, 1989; Takei et al., 1995;
Takei et al., 1996; Ferguson et al., 2007). Dynamin, recruited by the protein amphiphysin to
the clathrin-coated structure (David et al., 1996; McMahon et al., 1997), wraps in helical
rings around the neck of the invaginated clathrin-coated pit. GTP hydrolysis then changes the
dynamin conformation which regulates the tightening of the helical rings and finally scissors
the clathrin-coated vesicle off the plasma membrane (Takei et al., 1995). In the end, the
clathrin-coat recycles by the disassembly of the triskelion structures through the work of the
uncoating ATPase hsc70 (Honing et al., 1994). After coat-disassembly the vesicles either
move directly back to the vesicle cluster (Figure 1.1, red arrows), or they fuse with an
endosome, from which then new fusion-competent vesicles bud (Figure 1.1, green arrows)
(Heuser and Reese, 1973; Miller and Heuser, 1984; Takei et al., 1996; Sudhof, 2004; Rizzoli
et al., 2006; Hoopmann et al., 2010).



1.3.3 Bulk Endocytosis

A third model of the synaptic vesicle cycle is believed to be activated only during/ after high
frequency stimulations, which is termed bulk endocytosis (Figure 1.1, blue arrowheads; for a
review see Clayton and Cousin, 2009). Under sustained levels of strong stimulation bulk
membrane infoldings appear, because large amounts of vesicle material are added to the
plasma membrane, which overstrain the normal CME pathway. In order to compensate for
the sudden membrane overload the synapse invaginates the excessive membrane, from which
coated vesicles bud via CME (Gennaro et al., 1978; Takei et al., 1996; Richards et al., 2000;
Meunier et al., 2010). Likewise, the entire infolding could get retrieved to form a cisternal
compartment, from which vesicles are regenerated (not shown in Figure 1.1, (Teng and
Wilkinson, 2000)).

Pre-synapse

Post-syn@

Figure 1.1: Schematic representation of a conventional synapse with the various suggested
models of the synaptic vesicle cycle. The presynaptic nerve terminal lies opposing the
postsynaptic compartment. Small, neurotransmitter-filled synaptic vesicles (~40-50 nm in
diameter) are housed in the presynapse and are grouped together in a vesicle cluster. After
action potential triggered neurotransmitter release (exocytosis), the synaptic vesicles are
retrieved via different routes of endocytosis. Vesicle recycling can occur via “kiss and run”
(black arrows, or “kiss and stay”), the clatrhin-mediated endocytosis pathway (red arrows)
with the possibility of a recycling step through a sorting endosome, or via bulk endocytosis
(blue arrows) in co-operation with CME.

10



1.4 Sensory Synapses

Most of what is known about the synaptic vesicle cycle was studied on conventional CNS
synapses and neuromuscular junctions (NMJ). In contrast less is known about the vesicle
cycle in non-conventional sensory synapses. How does the vesicle cycle of conventional
synapses compare with the one of a sensory synapse?

Mammalian sensory synapses are present in the photoreceptors (e.g. rods and cones) of the
visual system, the mechano-, thermo- and chemoreceptors (e.g. muscle receptors) of the
somatosensory system, the chemoreceptors (e.g. taste buds) of the olfactory and gustatory
systems, and the mechanoreceptors (e.g. hair cells) of the vestibular and auditory systems
(Purves et al., 2001). While the various receptor types are usually completely different, all
sensory systems share three common properties: first, a physical stimulus at the sensory
receptor cell (the first cell in the sensory pathway), second, the transformation of the stimulus
into an electrical nerve impulse (receptor signal), and third, the reaction to the signal
(perception) (Kandel et al., 2000).

Since in this work the vesicle recycling in sensory cochlear hair cells will be investigated, the

following part will exclusively deal with the sensory synapses of the mammalian ear.

1.4.1 The Auditory System

The mammalian ear is composed of three functional parts: the external ear, the middle ear,
and the inner ear. The external ear conducts the sound wave onto the eardrum (membrana
tympani) of the middle ear. From the eardrum the sound is transferred onto the three inter-
connected middle ear bones (or ossicles; malleus (hammer), incus (anvil), stapes (stirrup)).
Eardrum and ossicles represent the sound conduction apparatus — they are responsible for the
transduction of the acoustic sound wave into fluid displacements in the cochlea (from Greek
cochlos: snail (Kandel et al., 2000)) (Kahle and Frotscher, 2005). The cochlea is composed of
three fluid-filled tubes that run helically around the conical bony core of the cochlea
(modiolus cochleae). The upper tube is the scala vestibuli, which is characterized by the basal
oval window (closed by the footplate of the stapes). The lowest tube is the scala tympani with
the basal, diaphragm-closed, round window. Interjacent of these tubes lies the cochlear duct

or scala media. Its upper boundary (to the scala vestibuli) is represented by the Reissner’s
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membrane, and the lower boundary is formed by the basilar membrane (Purves et al., 2001).
The basilar membrane supports the important auditory transduction apparatus — the organ of
Corti (Figure 1.2). The organ of Corti is composed of various types of supporting cells (e.g.
inner and outer pillar and phalangeal cells) and neuroepithelial cells, as well as of the
essential sensory receptor cells of the auditory system — the inner and outer hair cells (Figure
1.2).

Hair bundle

Outer hair cells

Inner hair cell
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Figure 1.2: Cross-section schematic of the organ of Corti. The auditory organ is located on
the basilar membrane in the cochlear duct. It is composed of different types of supporting and
epithelial cells with various fluid-filled tunnels in between (e.g. tunnel of Corti). Embedded
among these cells are the sound encoding inner hair cells (IHCs, dark green) and the
sensitivity controlling outer hair cells (OHCs, light green) located. The IHCs are arranged in
one row, the OHCs in three rows. Both stretch their sensory hair bundles (stereocilia) at the
apical pole out into the endolymph-filled cochlear duct. The tallest tips of the cilia touch the
overlying tectorial membrane, a gelatinous layer. At the basal parts (the locations of the
active zones) synaptic contacts are formed with afferent nerve fibers that project to higher
brain regions (the spiral ganglion neurons; orange).
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1.4.2 Sensory Inner Hair Cells

The sensory hair cells are non-neuronal epithelial-derived cells with apical hair bundles
(stereocilia, hence its name) (Figure 1.2, Figure 1.3). The organ of Corti is characterized by
three rows of outer hair cells (OHCs) and only one row of inner hair cells (IHCs, Figure 1.2).
However, IHCs are the actual sensory receptors, while the OHCs are possibly unrelated to
sound encoding and are thought to control the cochlear sensitivity. Thus, in this work only
vesicle recycling in the sound-encoding cochlear IHCs was investigated.

Each IHC contains around 30 to a few hundred stereocilia that are bathed in the potassium-
rich endolymph (contrary to the sodium-rich environment of conventional synapses). The
tallest one of the hair bundle is a microtubule-containing kinocilium; the smaller stereocilia
are only filled with actin. They are ordered in a bilateral-symmetric shape and vary gradually
in height. Fluid motion in the scala vestibuli and scala tympani in the cochlea leads to the
movement of the basilar membrane and thus to the deflection of the hair bundles (through the
connection of the stereocilia with the tectorial membrane located above the hair bundle
(Kahle and Frotscher, 2005)). Each stereocilia is connected with its neighboring stereocilia
by filamentous processes — the tip links. They are linked at one end with an ion channel,
which transmits potassium and calcium (Purves et al., 2001). As a result of the deflection of
the stereocilia the tip links elongate and mechanically open selective transduction channels
(hence they are named mechanotransduction channels). Potassium flows in and depolarizes
the hair cell (graded receptor potential) (Corey and Hudspeth, 1979), which in turn opens
baso-lateral located voltage-gated calcium channels in the plasma membrane (functioning in
a similar fashion to conventional synapses) and as a consequence triggers neurotransmitter

release at their specialized synapses (see below) (Figure 1.3).

1.4.3 Key Players of Vesicle Release in Sensory Synapses

The basal part of the mouse IHCs exhibits numerous presynaptic active zones (~10-20
(Francis et al., 2004; Khimich et al., 2005). Their active zones have a specialized feature, a
structure called synaptic ribbon or body — hence these synapses are termed ribbon synapses.
Ribbon-type active zones are also found in sensory photoreceptors and bipolar cells of the

retina, as well as in vestibular hair cells (for review, see Lenzi and Von Gersdorff, 2001). The
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molecular composition of the ribbon remains unclear. However, it is known that the ribbon
specific protein RIBEYE (Schmitz et al., 2000; Khimich et al., 2005), and the large
cytomatrix scaffolding proteins bassoon and piccolo are present (common to the AZ of
conventional synapses; (tom Dieck et al., 2005)). Bassoon anchors the synaptic ribbon to the
plasma membrane (Dick et al., 2003; Khimich et al., 2005), which is thought to act as a
“conveyor belt” that actively guides the vesicles toward the AZ (it may also have other
properties (Parsons and Sterling, 2003)).

Vesicle fusion is likely similar regulated as in conventional synapses, because the t-SNARES
syntaxin 1 and SNAP-25, as well as the v-SNARE synaptobrevin-1 are expressed (but not
synaptobrevin-2 like in CNS synapses; (Safieddine and Wenthold, 1999)). Interestingly,
some of the major synaptic proteins are absent from the IHCs. The general synaptic vesicle
protein synaptophysin (Jahn et al., 1985) (which is present in 32 copies per synaptic vesicle
in CNS synapses (Takamori et al., 2006)) is not expressed in cochlear hair cells; the same for
the synaptic vesicle-associated phosphoprotein synapsin (8 copies per vesicle in CNS
synapses (Takamori et al., 2006)) (Safieddine and Wenthold, 1999). Moreover, the calcium
sensor of conventional synaptic vesicles (synaptotagmin 1/2) is not present in cochlear hair
cells (Safieddine and Wenthold, 1999). In conclusion, the lack of highly important
conventional vesicle proteins in hair cell ribbon synapses raises the question of how synaptic
vesicle cycling functions here. It was recently shown that synaptotagmin IV and VI-IX are
expressed in the mammalian cochlea (Safieddine and Wenthold, 1999). Synaptotagmin IV
knockout-mice were used to investigate its role in vesicle release (Johnson et al., 2010), with
the result of decreased calcium-dependent transmitter release. Thus, synaptotagmin IV seems
to be directly connected to synaptic vesicle fusion in IHCs.

However, others have shown that the IHC-specific vesicle protein otoferlin may be the major
calcium sensor of synaptic vesicle fusion. It binds calcium via C2-domains like the
conventional synaptotagmin protein, and shows calcium-dependent interactions with the
SNARE proteins syntaxin 1 and SNAP-25 (Roux et al., 2006). Its role in exocytosis is in
addition supported by results of otoferlin knockout mice, where exocytosis events in IHCs

were virtually abolished (Roux et al., 2006).
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Figure 1.3: Inner hair cell representation with the debated vesicle recycling routes. The
apical pole of the hair cell is characterized by the sensory hair bundle (stereocilia), which is
connected with the apical electron dense structure (cuticular plate). The glutamatergic ribbon-
type active zones (~10-20) are located at the basal pole and host large amounts of synaptic
vesicles (blue). Afferent synapses of the sensory ganglion neurons are located adjacent to the
ribbon to propagate the electric impulse into higher brain regions. They are selectively
controlled by efferent neurons from the brain and OHCs. Different models of vesicle/
membrane recycling are hypothesized: Membrane recycling occurs at the apical pole with the
downwards transit of the vesicle to the release sites (I). Possibly the vesicles fuse with the
Golgi complex from which new vesicles are transported down to replenish the vesicles at the
ribbons (I1), or a local vesicle recycling pathway exists near the ribbon synapses (comparable
to conventional synapses; I11).

1.4.4 Vesicle Recycling in Sensory Synapses

Importantly, the ribbon docks a highly packed monolayer of vesicles and supplies large
amounts of vesicles at the release site (Lenzi et al., 1999; Khimich et al., 2005) (Figure 1.3)).
The amount of vesicles in the cytoplasm close to ribbon-type active zones of hair cells and
bipolar terminals is at least 30-fold higher than in non-synaptic regions (Rizzoli and Betz,
2005), with a size of 10000 — 30000 cytoplasmic vesicles per saccular hair cell synapse of the
frog (Lenzi et al., 1999). Thus, in response to the graded receptor potential the sensory cells

can sustain neurotransmitter release with hundreds of vesicles fusing per second over long

15



periods (retinal bipolar cells (Lagnado et al., 1996) cochlear inner hair cell (Beutner et al.,
2001; Nouvian et al., 2006)). According to the concept of the graded receptor potential IHC
ribbon synapses have substantially more numerous fusion events compared to conventional
synapses and neuromuscular junctions. Consequently, IHCs request an efficient machinery
for vesicle recycling to replenish the vesicles at the ribbon-synapse. Unfortunately, the
pathway of vesicle recycling in IHCs remains in contrast to conventional synapses almost
unknown. It was shown that endocytosis in cochlear IHCs can occur in less than half a
second (maximal rate ~0.3 seconds) in parallel with a slower compensatory endocytic rate (t
~ 15 seconds) (Beutner et al., 2001). Since clathrin-coated pits and coated vesicles were
found close to the ribbon-type AZs of saccular hair cells of the goldfish and the frog and of
cochlear hair cells of chinchillas and gerbils, the retrieval mechanism could be clathrin-
dependent (Hama and Saito, 1977; Siegel and Brownell, 1986; Lenzi et al., 1999). The
localization of the clathrin-coated organelles predict a local endocytosis mechanism,
comparable to conventional synapses. The recycled vesicles in gerbil cochlear hair cells
intermix with the large common vesicle pool and presumably refill the ribbon-attached
vesicles (Siegel and Brownell, 1986). In addition, large plasma membrane infoldings were
observed near the ribbon synapses after high stimulation, comparable with bulk endocytosis
at conventional synapses (Lenzi et al., 1999; Lenzi et al., 2002).

Besides a local CME mechanism at the basal part it was suggested that membrane retrieval
takes place at the apical pole. The endocytosed vesicles move down to fuse with the Golgi
complex, from which newly formed vesicles are transported to the basal release sites to refill
the vesicles at the ribbon-synapses (Figure 1.3) (Griesinger et al., 2002; Griesinger et al.,
2004; Griesinger et al., 2005). These studies used the fluorescent styryl dye FM1-43 to
specifically label recycled membranes. FM dyes are amphiphilic molecules (see Figure 2.2 in
Methods) that are able to incorporate into the plasma membranes of cells and most important
of synaptic vesicles and can therefore be internalized in vesicles upon their retrieval (Gaffield
and Betz, 2006). Importantly, styryl dyes can only enter a cell through endocytosis, because
their amphiphilic structure prevents penetration or flipping across the plasma membrane.
Fluorescent dye uptake has been used since decades in conventional synapses and
neuromuscular junctions to label recycling vesicles in an activity-dependent fashion (frog
NMJs (Betz and Bewick, 1992; Betz et al., 1992) hippocampal cultured neurons (Ryan et al.,
1993). The advantage of FM dyes is that the release/ wash out of the dye from labeled
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synaptic vesicles could be imaged when they fuse again with the plasma membrane. This
makes FM dyes a reliable reporter of synaptic vesicle cycling (Cochilla et al., 1999; Gaffield
and Betz, 2006).

Interestingly, when FM dyes are used to monitor vesicle recycling in cochlear hair cells, their
fluorescence is readily observable at the apical pole and was interpreted as apical endocytosis
(Griesinger et al., 2002; Griesinger et al., 2004; Griesinger et al., 2005)).

Nevertheless, the existence of an apical endocytosis pathway for vesicle recycling is
controversially debated. Another view on apical FM dye entry is based on the fact that FM
dyes work as an acute blocker of the mechanotransduction channels (Gale et al., 2001).
Moreover, breaking the tip-links of the stereocilia blocks FM loading (Gale et al., 2001;
Crumling et al., 2009). These results suggested that FM dyes enter the cells through the non-
selective mechanotransduction channels, and not via apical endocytosis (Nishikawa and
Sasaki, 1996; Gale et al., 2001; Meyers et al., 2003). Consequently, the apical penetration
would label all membranes inside the cell, starting at the apical pole.

Taken together, with FM dyes being general membrane markers, it cannot be assumed that
FM dye uptake is solely due to vesicle recycling. In particular one has to keep in mind that
the cell also has to deal with other major cellular functions, which possibly require exo- and
endocytosis (constitutive recycling, transferrin uptake) and would thus take up the dye.

1.4.5 Morphology of the Vesicle Cycle in Sensory Synapses

Referring to the differing molecular compositions of sensory ribbon synapses and
conventional synapses, the chance of success for live-investigations of vesicle cycling in
IHCs seems to be rather limited at the moment. A more promising way to map the vesicle
recycling steps is related to ultrastructural investigations of sensory hair cells. In the mid-80s
Siegel and Brownell (Siegel and Brownell, 1986) performed laborious in vivo HRP labeling
experiments on gerbils and chinchilla cochlear hair cells to investigate recycling by high-
resolution electron microscopy (similar to the “classical” vesicle recycling studies of
(Ceccarelli et al., 1973) and (Heuser and Reese, 1973) on neuromuscular junctions). They
anaesthetized the animals and perfused HRP through the cochlear turns for up to 30 minutes
while stimulating acoustically. After fixation the preparations were treated with

diaminobenzidine as the enzymatic HRP reaction substrate to finally uncover the organelles
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that took up the marker during incubation. Siegel and Brownell observed various labeled
organelles, e.g. small synaptic vesicle-like organelles at the ribbon synapse, endosome-like
organelles of diverse sizes, coated organelles (clathrin), labeled cisternae of the Golgi
complex as well as labeled and unlabeled tubules (Siegel and Brownell, 1986). The scientists
were rather cautious about the interpretation of the vesicle recycling pathway and did not
relate the Golgi complex labeling to synaptic vesicle recycling, as later stated by Griesinger
and colleagues who used fluorescence imaging of FM labeled hair cells to conclude that the
Golgi complex is involved in the vesicle recycling pathway (see above (Griesinger et al.,
2002; Griesinger et al., 2004; Griesinger et al., 2005)).

Ten years later, another study investigated the recycling organelles of the lateral line organs
of Xenopus larvae by the use of FM1-43 in combination with its photo-oxidation and electron
microscopy (see 1.6 for the principle behind the photo-oxidation method (Nishikawa and
Sasaki, 1996)). They reported immense labeling of mitochondria and tubular structures like
Siegel and Brownell, as well as small synaptic vesicle-like organelles at the afferent ribbon
type active zones.

A further ultrastructural study on cochlear IHCs that did not use any kind of uptake marker
also reported the presence of cisternae and tubular structures close to the ribbon synapse,
likewise indicating the existence of a specialized retrieval mechanism in IHCs (Spicer et al.,
1999).

In summary, ultrastrutural investigations have the potential to uncover the vesicle recycling

pathway in IHCs in terms of its morphology.
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1.5 Synaptic Vesicle Mobility

On the one hand the individual steps of the synaptic vesicle cycle have been described in
molecular detail, at least for the conventional synapses as shown above, although on the other
hand only few aspects are known about the general mobility of the synaptic vesicles. Since
the vesicle recycling mechanism in sensory IHCs is less well known, a brief overview of the
current knowledge of vesicle mobility in conventional synapses and neuromuscular junctions
will be presented.

The first part of the introduction made clear that synaptic vesicles need to be mobile in order
to undergo the vesicle cycle in both conventional and sensory synapses. Vesicles have to
reach the AZ for fusion and release of their contents (exocytosis). Furthermore, the synaptic
vesicles move across the plasma membrane after exocytosis, and need to move back to the
vesicle cluster after endocytosis. The issue of vesicle mobility is controversially discussed,
with a number of studies indicating that vesicle movement is very limited, although
substantial displacements within and between synapses have also been observed.

In the absence of synaptic activity the resting synaptic vesicles are clustered at the AZ and
are thought to be immobile. The first confirmations of a low-mobility state were revealed by
labeling vesicle clusters with the already mentioned membrane marker FM1-43 (frog NMJ
(Betz and Bewick, 1992), hippocampal cultured neurons (Ryan et al., 1993)). These findings
were supported by electron microscopy studies showing that the synaptic vesicles in the
cluster are tightly packed, cross-linked to each other, and connected to cytoskeletal filaments
like actin (Hirokawa et al., 1989; Siksou et al., 2007; Fernandez-Busnadiego et al., 2010).
Moreover, fluorescence recovery after photobleaching (FRAP) studies, where a small spot in
the fluorescently-labeled vesicle cluster was bleached, reported no vesicle movements at rest
into the bleached area (vesicle cluster labeled with FM1-43 (Henkel et al., 1996a; Henkel et
al., 1996b), or with CY3-tagged antibodies (Kraszewski et al., 1995)). However, with
antibody-labeled vesicles, which are not lost upon vesicle fusion, the fluorescence recovery
was much higher after stimulation, indicating the entry of recycling vesicles into the vesicle
cluster (Kraszewski et al., 1996). Interestingly, FRAP experiments in ribbon-type cone
photoreceptors revealed high recovery values (Rea et al., 2004), showing that in these cells a

highly mobile vesicle fraction exists, which contradicts the findings presented above.
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In conventional synapses high movements of the vesicle cluster were only detected after
treating the preparations with the phosphatase inhibitor okadaic acid (Betz and Bewick, 1992;
Kraszewski et al., 1996). Okadaic acid treatment results in the phosphorylation of various
proteins, one of which is synapsin, (De Camilli et al., 1983a; De Camilli et al., 1983b;
Huttner et al., 1983; Torri Tarelli et al., 1992; Hilfiker et al., 1999; Fernandez-Busnadiego et
al., 2010)). Dephosphorylated synapsin presumably immobilizes the synaptic vesicles at rest
by cross-linking them to each other and connecting them to the actin cytoskeleton as it was
observed with electron microscopy (Hirokawa et al., 1989; Siksou et al., 2007). During
synaptic activity this protein gets phosphorylated and releases the vesicles from their bonds,
and thus regulates their motion.

Further studies confirmed the findings of a highly organized vesicle cluster in conventional
synapses by using fluorescence correlation spectroscopy. Thus, different mechanisms were
suggested that constrain vesicle movements. One proposal is “stick-and-diffuse”, in which
the synaptic vesicles bind to and detach from cellular components like the cytoskeleton
(Shtrahman et al., 2005; Yeung et al., 2007). Another proposal is “caged diffusion”, which
describes a random synaptic vesicle motion in a virtual circular cage inside the synapse (cage
size of 50-100 nm, (Jordan et al., 2005)). Vesicle movements were also very low at rest and
during stimulation when single vesicles were labeled and analysed by single-particle-tracking
methods (of diffraction limited spots (Lemke and Klingauf, 2005)). The vesicles remained
virtually at their origin and could be described as completely immobile; hence the proposed
caged diffusion model may in general not be relevant for all synaptic vesicles.

As mentioned above the vesicle cluster of a synapse has been roughly divided in two pools of
different properties, the active recycling pool, to which the readily releasable pool belongs,
and the resting or reserve pool (see above Rizzoli and Betz, 2005). The so far mentioned
studies investigated all synaptic vesicles randomly. However, Gaffield and his colleagues
labeled specifically both pools and performed FRAP experiments. They could show that the
resting synaptic vesicles were entirely immobile while the recycling synaptic vesicles were
rather mobile (Gaffield et al., 2006). Interestingly, an ultrastructural study in combination
with the FM photo-oxidation method showed that the recently endocytosed vesicles were
randomly distributed throughout the synaptic vesicle cluster and not separated from this pool,
indicating that the vesicles need to be mobile in order to reach the AZ for release (see 1.6 for
the principle behind the photo-oxidation method (Rizzoli and Betz, 2004)).
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The current literature suggests that overall the movement of synaptic vesicles is relatively
low, both at rest and during stimulation. Recently endocytosed vesicles may behave
differently, but no direct investigations on their mobility were performed. Kraszewski and
colleagues only found that antibody-labeled vesicles move back to the vesicle cluster after
high potassium stimulation and intermix with the resting vesicles (Kraszewski et al., 1996).

In contrast to the movement within synapses (intra-synaptic), the vesicle movements between
synapses (inter-synaptic) are less well described. In a recent FRAP study on hippocampal
cultured neurons, FM-labeled single boutons were photobleached and the fluorescence
recovery indicated that vesicles move continuously from synapse to synapse (Darcy et al.,
2006; Fernandez-Alfonso and Ryan, 2008; Staras et al., 2010). Moreover, FM photo-
oxidation in combination with high-resolution electron microscopy revealed that the newly
arrived vesicles intermix with the pre-existing vesicle cluster similar to recycling vesicles of
the same synapse (Rizzoli and Betz, 2004; Darcy et al., 2006). However, live-imaging
showed that most of the vesicles passed through the boutons, without their incorporation into
any vesicle cluster (Darcy et al., 2006).

Finally, the mobility of fused vesicle in the plasma membrane is almost unknown as (i) FM
dyes are rapidly lost from the fused vesicles after exocytosis (Zenisek et al., 2002) and (ii)
antibody-labeled synaptic vesicles cannot be separated according to their intra-synaptical or
surface exposed location (Kraszewski et al., 1995). Sankaranarayanan and Ryan found that
GFP-tagged synaptic vesicle proteins (pHluorins: pH-sensitive variant of GFP, see
Miesenbdck et al., 1998) spread into the axons under tetanic stimulation (Sankaranarayanan
et al., 2000). However, it is not obvious whether the fused vesicle material would behave
similar under physiological or resting conditions.
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1.6 The Importance of High-Resolution Microscopy

As reviewed above, synaptic vesicle movements in conventional synapses are not so clear.
The characterization of the vesicular behavior was achieved only by averaged analysis over
populations of vesicles with sparse vesicle labeling (Gandhi and Stevens, 2003; Lemke and
Klingauf, 2005; Zhang et al., 2009) or indirect behavior measurements using FRAP
(Kraszewski et al., 1995; Henkel et al., 1996b; Kraszewski et al., 1996; Gaffield et al., 2006)
or correlation spectroscopy (Jordan et al., 2005; Shtrahman et al., 2005; Yeung et al., 2007).
Consequently, the question arises how synaptic vesicle behavior could be described when
single vesicles are analyzed?

The best resolution one can achieve for single organelle investigations is provided by high-
resolution electron microscopy. However, their drawback is a very low labeling efficiency.
Additionally, this technique is labor-intensive and does not allow any in vivo investigations.
The most excellent labeling efficiency is achieved by fluorescence immunolabeling.
However, conventional far-field fluorescence microscopes are restricted in resolution by the
spatial resolution limit of the microscope, which is the result of the wave nature of light
(diffraction limit of light). This natural law was first identified by Ernst Abbé in the late 19"
century (Abbe, 1873). He found that the resolution of a standard microscope is limited by the
diffraction of light to A/(2NA), with A representing the wavelength of light and NA
symbolizing the numerical aperture of the objective lens.

Related to this, single synaptic vesicles (or proteins of interest) that are closer together than
about half of the wavelength of light (visible spectra: A ~390-750 nm, hence A/2 is at the
lowest ~200 nm) appear as one blurred object, which impedes resolving their individual
positions. As synaptic vesicles are small (~40 nm in diameter) and densely clustered in the
synapse, their individual positions cannot be resolved with conventional optics.

In the last years the diffraction barrier of far-field fluorescence microscopes has been broken
by several sub-diffraction high-resolution microscopy techniques (Hell, 2007, 2009), with
stimulated emission depletion (STED) microscopy as being the first one (Hell and
Wichmann, 1994). The diffraction-unlimited resolution of a STED microscope is typically
achieved by the implementation of an additional laser line (the STED beam) to the excitation
laser of a standard confocal laser-scanning microscope (see Figure 2.1). The excitation laser

is overlapped in the focal area by this second, usually doughnut-shaped beam. The STED
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laser brings the fluorescent molecules in the periphery of the excitation spot down to the
ground state (depletion) by the effect of stimulated emission. Finally, fluorescence is only
detected from the central area of the excitation spot — where the intensity of the STED beam
is close to zero. As a result, the effective fluorescent spot is much narrower than the
diffraction-limited excitation spot of a conventional fluorescence microscope, and leads to
significantly higher resolution.

It was already shown that the specific high-resolution features of a STED microscope allow
the separation of single synaptic vesicles in the confined space of the synapse (Willig et al.,
2006). I will use in this work STED microscopy to image the vesicle movement in living
hippocampal cultured neurons, which will allow me to track multiple synaptic vesicles

simultaneously and describe their motion behavior.

Similar to standard confocal microscopy techniques STED microscopy has the drawback of a
low penetration depth into living tissue (several micrometer). This makes its use for deep
tissue imaging, as for the tissue embedded inner hair cells, impossible. To circumvent these
difficulties I will attempt a morphological characterization of the recycling organelles using
the specific method of FM dye photo-oxidation in combination with unsurpassed high-
resolution electron microscopy.

The principle of the photo-oxidation method is the conversion of a fluorescent signal into an
electron dense product that is visible with electron microscopy. The amphiphilic structure of
a FM dye consists of a lipophilic tail group (which allows the dye to incorporate into
membranes) and a positively charged head group that prevents the dye from flipping across
the membrane (see Figure 2.2). Two aromatic rings in the middle part represent the
fluorophore. In an aqueous environment the quantum yield of the dye is close to zero but
increases by two orders of magnitude when it inserts via the lipophilic tail into membranes
(Gaffield and Betz, 2006).

The illumination of the FM dye leads to the emition of photons (fluorescence) while in the
same time it produces reactive oxygen species (ROS, Figure 2.2). The ROS can oxidize 3,3’-
diaminobenzidine (DAB) in the close proximity of the dye, which results in the precipitation
of DAB to an electron dense product. Endocytic organelles that took up the dye during

incubation can therefore be photoconverted (I employ here this classically-used term,
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although the correct term is photo-oxidation) from a fluorescent signal (coming from the FM
dye itself) to an electron dense signal for electron microscopy (coming from the DAB
oxidation), allowing their distinction from unlabeled organelles.

This technique will essentially allow me to perform a morphological description of the

involved recycling organelles in IHCs on the single organelle level.
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1.7 Aims of This Work

As presented above the mobility of synaptic vesicles in conventional synapses is still poorly
understood, with the general vesicle mobility usually investigated over populations of
vesicles (averaged behavior) using diffraction-limited imaging techniques. The current
literature left the question unanswered on how mobile are actually the synaptic vesicles in the
small space of the synapse when observed separately?

The first goal of this work was to describe in detail the properties of synaptic vesicle mobility
using both conventional and sub-diffraction high-resolution stimulated emission depletion
(STED) fluorescence microscopy. The well-known model system of primary hippocampal
cultured neurons was used to investigate vesicle mobility in conventional synapses in vivo.
Based on high-resolution STED imaging, | wanted to conduct a descriptive study of synaptic
vesicle mobility and provide a thorough view of the vesicle behavior during the individual
steps in the vesicle cycle. Finally, the analysis of vesicle recycling in morphological terms, by
the FM photo-oxidation technique, should complete the vesicle recycling studies.

How can the vesicle recycling in conventional synapses be compared with that of non-
conventional sensory synapses? Synaptic transmission in inner hair cells is an essential step
for hearing. Unfortunately, the steps of the vesicle recycling and their molecular key players
are less well known in cochlear IHCs. Thus, the second goal of this work was to compare the
findings from the conventional synapse to sensory IHCs. In an attempt to elucidate vesicle
recycling in IHCs | wanted to use live fluorescence imaging techniques to study vesicle
recycling in vivo.

Moreover, the FM photo-oxidation technique followed by high-resolution electron
microscopy was used as well to characterize the recycling organelles in IHCs in
morphological terms. Based on this technique, | wanted to (i) identify the morphological
nature of the organelles that are involved in the vesicle retrieval process in IHCs (large or
small organelles, membrane infoldings, endosomes) and (ii) give the first morphological
characterization of the vesicle recycling pathway in sensory IHCs. Finally, with the
ultrastructural analysis | wanted to discover the location of the major membrane endocytosis
site in IHCs (apical as proposed by FM dye studies, or baso-lateral near the AZs as in other

ribbon synapses).
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2 Materials and Methods

2.1 Materials

2.1.1 Animals

C57BL/6J and C57BL/6N mice were used for membrane recycling studies on sensory IHCs.
Mice were used between postnatal day 14 to 18. All animal experiments meet the terms of the

national animal care guidelines.

2.1.2 Antibodies

Antibodies used for live-cell imaging (STED and FRAP) and live-labeling of hippocampal
cultured neurons were: monoclonal mouse antibodies 604.2 and 604.1 (ascites fluid; 1mg/ml)
against the intravesicular (lumenal) domain of the synaptic vesicle protein synaptotagmin |
(Synaptic Systems, Gottingen, Germany). The antibodies were used either directly
fluorescence-labeled with Atto647N (in case of 604.2) or with a secondary labeling with
Atto647N fluorescence-labeled anti-mouse Fab fragments from donkey or goat (AffiniPure
Fab fragments from Jackson ImmunoResearch Laboratories, West Grove, PA, USA; organic
fluorophore Atto647N from Atto-Tec, Siegen, Germany). Live-labeling of hippocampal
neurons was also performed with directly fluorescence-labeled Oyster-550 monoclonal
mouse anti-synaptotagmin | antibodies (604.2; 1mg/ml).

Primary antibodies for immunohistochemistry were as follows: anti-synaptophysin, anti-
clathrin light chain and anti-SNAP-25 polyclonal rabbit antibodies (named G96 (Jahn et al.,
1985), Clc (Takamori et al., 2006) and casanova (Aguado et al., 1996), respectively; kind
gifts from R. Jahn, Max Planck Institute for Biophysical Chemistry, Gottingen, Germany).
Anti-alpha-tubulin, anti-amphiphysin, anti-GIluR1 (AMPAL), anti-Rab3, anti-synapsin 1/2,
anti-Munc13-1, and anti-bassoon: all polyclonal rabbit antibodies (Synaptic Systems).
Secondary antibodies for immunohistochemistry were Cy2-, Cy3 and Cy5-conjugates to goat
anti-rabbit 1gGs and Cy5-conjugated goat anti-mouse IgGs (AffiniPure, Jackson

ImmunoResearch Laboratories).
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Antibodies used for live-labeling of sensory inner hair cells were: rabbit polyclonal otoferlin
antibodies (0.6 mg/ml) against the intravesicular (lumenal) domain of the vesicle protein

otoferlin (Synaptic Systems, Gottingen, Germany).

2.1.3 Buffers

The standard chemicals and other reagents were purchased from Sigma-Aldrich (Steinheim,
Germany) or Merck (Darmstadt, Germany) unless otherwise specified.

Tyrode buffer (pH 7.4) with 124 mM NaCl, 5 mM KCI, 2 mM CaCl,, 1 mM MgCl,, 30 mM
glucose, and 25 mM HEPES was used for experiments on hippocampal cultured neurons
(Willig et al., 2006).

High potassium Tyrode buffer (pH 7.4) with 59 mM NaCl, 70 mM KCI, 2 mM CaCl,, 1 mM
MgCl,, 30 mM glucose, and 25 mM HEPES.

For immune labeling the following buffers were required:

Ammoniumchloride (NH4CI, 100 mM) in phosphate buffered saline (PBS).
PBS (pH 7.4) with 150 mM NaCl and 20 mM Na;HPO,.

PBS-high salt (pH 7.4) with 500 mM NaCl and 20 mM NayHPO..

PBS supplemented with 0.1% Triton-X-100 (TX-100)

PBS supplemented with 1.5% bovine serum albumin (BSA) and 0.1% TX-100.

For inner hair cell experiments the following buffers were required:

For experiments in absence of calcium (zero calcium conditions) the standard HEPES-
buffered Hanks™ balanced salt solution (HEPES-HBSS, pH 7.2) with 141.7 mM NaCl, 5.36
mM KCI, 1 mM MgCl,, 0.5 mM MgSO,, 10 mM HEPES, 1.25 mg/ml glucose, 0.5 mg/ml L-
glutamine was used.

High potassium HEPES-HBSS had the following components: 65.36 mM KCI, 79,7 mM
NaCl and 2 mM CaCly, the rest was identical to the standard HEPES-HBSS buffer.

For the HEPES-HBSS with calcium, 2 mM NaCl were replaced by 2 mM CaCl; in the
standard HEPES-HBSS buffer.

For all HEPES-HBSS buffers glucose and L-glutamine were added fresh prior to use. The

osmolarity of the buffers were around 290 mmol/kg.
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2.2 Methods

2.2.1 Antibody Labeling

Monovalent Fab fragments of affinity-purified antibodies (AffiniPure donkey Fab fragments,
Jackson ImmunoResearch Laboratories) for secondary fluorescence live-labeling of
conventional synapses were tagged with the organic fluorophore Atto647N (Atto-Tec) via its
succinimidyl ester. Instead of whole IgGs, Fab fragments were used, as they do not cross-link
different monoclonal antibodies.

A secondary fluorescence labeling was used instead of directly fluorescence-labeled
monoclonal antibodies, since both 604-variants (604.1 and 604.2, Synaptic Systems) lost
their binding specificity after chemically fixing the Atto647N dye onto them (please see
appendix for antibody specificity, Figure A 3). The organic dye probably modified the native
conformation of the synaptotagmin antibodies. Nevertheless, directly fluorescence-labeled
anti-synaptotagmin antibodies (labeled with Atto647N) were used in some experiments,
because higher quality, fully functional antibodies became purchasable from Synaptic
Systems (Gottingen) during this work and showed no difference in synaptic vesicle labeling
efficiency compared to secondary fluorescence labeling.

2.2.2 Cell Culture
PC12 Cells (Experiment in appendix)

Neuroendocrine PC12 (pheochromocytoma) cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Invitrogen, Darmstadt, Germany) with the following additions: 5%
fetal calf serum, 10% horse serum, 4 mM glutamine and 100 units/ml each of penicillin and
streptomycin. Cells were grown on culture dishes at 37°C in 10% CO, and 90% humidity and
passaged when reached confluence. PC12 cells were passaged by detaching them from the

dish using trypsin/EDTA (Lonza, Cologne, Germany).

Primary cultured hippocampal neurons

Primary cultures of hippocampal neurons were prepared from brains of newborn rats

(postnatal day 1) using a standard protocol (Kaech and Banker, 2006). The preparation was
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carried out by the technician Christina Schéfer. The cultures were overlayed onto a pre-plated
monolayer of astrocytes (continental neuronal cell culture) or plated directly on poly-d-lysine
coated 18 mm coverslips. The cultures were grown at 37°C in 10% CO, and 90% humidity

and used between days 11 and 30 in vitro.

2.2.3 Live-Labeling Methods
Mitochondria live-labeling

MitoTracker Green FM (MTG; Invitrogen, Darmstadt, Germany) was used to label
specifically the mitochondria in hippocampal cultured neurons by incubating them with 100
nM MTG in growth medium at 37°C for 15 minutes. Mitochondria labeled neurons were

subsequently live-labeled against synaptotagmin (see below).

Synaptic Vesicle live-labeling

In vitro cultured hippocampal neurons were placed into Tyrode buffer (~ 2°C) on ice
according to Willig et al., 2006. All following steps for synaptic vesicle live-labeling were
performed on ice and with ice-cold buffers and antibody dilutions for a selective surface
staining of the synaptic vesicle protein synaptotagmin.

Neurons were incubated with the primary antibody dilution (604.1 or 604.2 in Tyrode) for 5-
6 minutes. After rapidly washing the cells 4-5 times with ice-cold Tyrode the secondary
antibodies (fluorescence-labeled Fab fragments against mouse in Tyrode) were applied for 8
minutes. After washing with Tyrode buffer coverslips were transferred to room temperature
for further treatments or imaging (No Incubation condition).

The procedure for live-labeling of synaptic vesicles with directly fluorescence-labeled anti-
synaptotagmin antibodies (604.2 labeled with Atto 647N or Oyster-550) was identical, but
without the secondary antibody labeling step.

For the investigation of the synaptic vesicle mobility after incubation (Incubation condition),
the labeled neurons were placed back into their growth medium in the incubator at 37°C.
After 120 minutes the neurons were washed once with Tyrode buffer at room temperature
(RT), transferred to the microscope and imaged in Tyrode buffer at RT for up to 30-40

minutes.
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To check whether the labeling technique itself harms the cultured neurons, a mock-labeling
control was used. The neurons were treated exactly like for normal labeling, but without the
addition of antibody dilutions during incubation. The cells were then placed back into the
incubator exactly as the incubated neurons, and were finally labeled after 120 minutes with
anti-synaptotagmin antibodies on ice.

For live STED imaging and FRAP imaging of fixed neurons, live-labeled cells were placed to
room temperature for 3 minutes and then fixed for 60 minutes in PBS with 3%
glutaraldehyde and 2% paraformaldehyde (PFA) at RT (in dark). Neurons were subsequently
incubated in NH4CI (100 mM in PBS) for 20 minutes and washed with PBS. Imaging was
performed in PBS.

2.2.4 Influence of Cytoskeleton-Perturbing Agents

To investigate whether active transport mechanisms are involved in synaptic vesicle
movements the synaptotagmin live-labeled neurons were pre-treated for at least 5 minutes
with Latrunculin A (20 pM in Tyrode buffer at RT) to disrupt the actin cytoskeleton by
sequestering actin monomers (Sankaranarayanan et al., 2003), or the neurons were pre-
treated for at least 20 minutes with nocodazole (20 uM in Tyrode buffer at RT) to disrupt
microtubules (Kuromi and Kidokoro, 2005). STED movies were obtained within 10-45
minutes of incubation, or 20-60 minutes, respectively. Both drugs were dissolved in DMSO,

hence the control samples were imaged in 0.5% DMSO without a pre-incubation step.

2.2.5 Investigation of Synaptic Vesicle Material on the Plasma Membrane
Black Widow Spider Venom

Preparation of the black widow spider venom (BWSV) was carried out according to Henkel
and Betz, 1995. One pair of glands of the black widow spider were homogenized in 1 ml
calcium-free Tyrode buffer supplemented with 1 mM EGTA. The solution was centrifuged
for 20 minutes at 10 000g at RT. The venom containing supernatant was collected and used at
a 1:4 dilution in the same buffer. Hippocampal neurons were incubated with BWSV for 15
minutes at 37°C prior to live-labeling with anti-synaptotagmin antibodies on ice (604.2
diluted in Tyrode buffer w/o calcium), which thus recognized specifically the synaptotagmin

surface pool. Imaging was performed in the respective buffer.
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Caffeine

Hippocampal cultured neurons were incubated in 1 mM caffeine in Tyrode buffer without
divalents (no Mg®* and Ca?*, with additional 5 mM EGTA) for 5 minutes at RT prior to

synaptotagmin live-labeling. Labeling and imaging were performed in the same buffer.

No Divalents (Control)

Hippocampal neurons were incubated in Tyrode buffer without divalents (supplemented with
5 mM EGTA) for 5 minutes at RT with subsequent synaptotagmin live-labeling and imaging

in the respective buffer.

2.2.6 Stimulation Experiment
Electric field stimulation

Platinum plate electrodes with 8 mm distance between the plates were used to stimulate live-
labeled hippocampal cultured neurons. An A310 Accupulser (World Precision Instruments,
Berlin, Germany) delivered shocks of 100 mA with alternating currents at 20 Hz for 2
seconds. The accurate, time-controlled stimulation triggering was ensured using the
microscope operating software Imspector (Imspector Image Acquisition & Analysis
Software, Max Planck Innovation, Germany).

For FM experiments on hippocampal cultured neurons (Figure 3.16) the stimulation trains
were generated using the A310 Accupulser that was triggered by an A385 Stimulus Isolator

(both World Precision Instruments).

Blocking of synaptic activity

Tetrodotoxin (TTX) was used to inhibit synaptic activity. Live-labeled neurons were
transferred to RT and incubated with TTX (1 uM in Tyrode buffer) for 10 minutes before
STED imaging in presence of TTX.
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2.2.7 Immunohistochemistry

Hippocampal neurons were either fixed with 4% PFA in PBS for 60 minutes at room
temperature (in the dark, if cells were live-labeled before) or with ice-cold methanol (-20°C)
for 20 minutes at RT with subsequent washing in PBS (for immunohistochemistry with anti-
GluR1 (AMPA1) and anti-synapsin 1, 2 antibodies). Free aldehyde groups in PFA-fixed
neurons were quenched by incubating them for 20 minutes in 100 mM NH,CI in PBS.
Finally, neurons were washed two times and stored in PBS for further processing
(immunostaining or embedding).

Fixed neurons were usually permeabilized with TX-100 (3 x 5 minutes in 0.1% in PBS at
RT) prior to immunolabeling. Permeabilized neurons were incubated for 60 minutes with
primary antibodies diluted in PBS supplemented with 1.5% BSA and 0.1% TX-100 in a
humidified chamber. The coverslips were washed with PBS (+ 0.1% TX-100). To prevent
bleaching of the secondary antibodies, the following incubation and washing steps were
performed in dark. The fluorescence labeled secondary antibodies were applied in the same
way as the primaries for 60 minutes. Unspecific bound antibodies were washed away using
PBS-high salt (500 mM NaCl; 3 x 5minutes). After two washing steps with PBS the
coverslips were embedded upside-down on a microscope slide with fluorescent mounting
medium (Mowidl: 6 g glycerol, 2.4 g Mowidl 4-88 (Carl Roth, Karlsruhe, Germany), 6 ml
H,0, 12 ml 2 mM Tris buffer of pH 7.2) and dried at least 60 minutes at RT in dark prior to

use.

Immunolabeling of fixed neurons without permeabilization was essentially performed using

the same protocol, in which the buffers and antibody dilutions lack the TX-100 component.
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2.2.8 Microscopy
Stimulated emission depletion (STED) microscopy

The principle of a STED microscope is illustrated in Figure 2.1 and has already been
explained in the Introduction (see 1.6). STED microscopy was performed using a home-built
setup as described in Westphal et al., 2008 (built by Dr. Volker Westphal and Dr. Marcel
Lauterbach, Abteilung NanoBiophotonik, Max Planck Institute for Biophysical Chemistry,
Gottingen). Excitation of the Atto647N dye was achieved using a pulsed LDH-P-635
picosecond laser diode at 635 nm (PicoQuant, Berlin, Germany). The pulsed depletion beam
(STED beam) was generated by a MaiTai Ti:Sapphire-Laser at 750 nm wavelength
(Newport, Irvine, CA, USA). The zero center in the STED focus was generated by a vortex
phase plate in the parallel depletion beam path (VPP-A1l, RPC Photonics, Rochester, NY,
USA). A resonant mirror (SC-30, EOPC, Glendale, NY, USA) was used to pass both beams
for one axis beam scanning and were focused by a 100x, 1.4 numerical aperture HCX PL
APO oil objective (Leica). The focal peak intensities for the red excitation was 3.5-5
MW/cmz?, for the blue excitation 0.08 MW/cm?, and for the STED beam 400 MW/cm?2. The
second lateral axis and the axial scanning of the sample were provided by piezo stages (733-
3DD and E-710, Physik Instrumente, Germany). Two avalanche photo diodes (SPCM-
AQR13, Perkin Elmer, Waltham, MA, USA) recorded the emission light, which was filtered
at 675£30 nm for the red channel, 530+40 nm for the blue channel (AHF, Tlbingen,
Germany). Movies were recorded with 28 frames per second (35 ms per frame). From each
sample several movies were obtained. STED frames were filtered to increase signal-to-noise
by a Gaussian algorithm with a convolution of 80 nm at full width at half maximum (no
filtering was applied for Figure 3.4). High frame rates with a 30 nm pixel size were possible
by using bidirectional image acquisition in the lateral axis, leading to a pixel dwell time of
3.8 ps in the horizontal center of the field of view with increasing dwell times to the edges to

~6 Us (as the speed of the resonant scanner is non-linear along the x-axis).
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Figure 2.1: The principle of a STED Microscope. The excitation beam (EXC, blue) is
focused to a diffraction-limited excitation spot (see right panel). The STED beam (orange) is
phase modulated and usually doughnut-shaped (see right panel). The overlay of both beams
allows the longer wavelength STED beam to de-excite (deplete) the fluorophores in the
periphery of the excitation spot. The detected fluorescence originates only from the center,
where the laser intensity of the STED beam is close to zero, which consequently results in a
smaller effective fluorescent spot, and thus gives higher resolution (Figure from Willig et al.,
2006).

Confocal microscopy

Confocal fluorescence microscopy and FRAP imaging were performed with a TCS SP5
STED confocal microscope (Leica Microsystems), using a 100x, 1.4 numerical aperture HCX
PL APO CS oil STED objective (Leica Microsystems). Atto647N was excited at 633 nm with
a Helium-Neon laser and fluorescence was detected with a photomultiplier tube (PMT) in the
spectral range of 641-750 nm. The secondary cyanine dye Cy2 was excited with an Argon

laser at 488 nm, fluorescence was detected in the spectral range of 500-580 nm with a PMT.

Epifluorescence microscopy

Epifluorescence microscopy was performed using an Olympus IX71 epifluorescence

microscope. For more details see below.
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Electron microscopy of hippocampal cultured neurons

Electron micrographs were captured using a Zeiss EM 902A electron microscope equipped
with a 1024 x 1024 CCD detector (Proscan CCD HSS 512/1024; Proscan Electronic. The
determination of the vesicle diameters was achieved by manually drawing line scans on the
images using routines written in Matlab (experiments, imaging and analysis were performed
by Dr. S.0O. Rizzoli).

2.2.9 STED Microscopy Data Analysis

STED data analysis

Data analysis (single-particle-tracking) was carried out by Dr. Marcel A. Lauterbach and Dr.
Volker Westphal as described in Westphal et al., 2008 and Kamin et al., 2010:

The vesicle positions were automatically determined in each frame of the recorded movies:
First, the areas containing vesicles were extracted in all frames by deconvoluting each frame
with a Gaussian function (full width at half maximum (FWHM) of 60-100 nm and a
reasonable quadratic potential regularization (Vicidomini et al., 2009) to get smooth images
with failure-free structures. Afterwards, the background was eliminated with a low threshold
to receive the areas where the vesicles were localized. To quantify the vesicles in each area,
the number of photons were divided by the average vesicle brightness (the average vesicle
brightness is the mean number of emitted photons from single vesicles of various movies).
Generally, ~2 vesicles were localized in each background subtracted area. The positions of
the vesicles were fitted to model variable numbers of vesicles and shot noise in these areas
(having their own position and brightness). Overfitting was prevented by introducing a
penalty in the model to avoid that modeled vesicles differ highly from the average vesicle
brightness. The intensity of the penalty was manually regulated by checking the position and
the brightness of the fitted vesicles in various movies. Finally, the vesicle numbers and their
positions were read-out in all areas of each movie frame and a map of the localized vesicles
for each movie was acquired. A faster algorithm was used for some movies (with the same
results of object localization), where all frames of the movie were deconvoluted with a

Gaussian function (FWHM of 120 nm). Vesicle positions were localized by checking for
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local intensity maxima. Intensities with less than 14% of the brightest vesicle in a movie were
abolished.

All localized vesicle objects were tracked as performed according to (Westphal et al., 2008),
with the algorithm of Crocker and Grier (Crocker and Grier, 1996).

The quantification of the vesicle mobility was expressed as the mean vesicle speed or the
median vesicle speed. The median was used as it is less sensitive to incorrect vesicle
localization connections from frame-to-frame, and single-particle-tracking in dense labeled
parts of the cell is usually prone to errors.

The change in vesicle mobility (expressed as the median vesicle speed) was well determined
in the distinct experiments with the used tracking method. Nevertheless, the computed values
of the vesicle speed may not be perfectly in agreement with the actual mobility, as also
tracking of glutaraldehyde fixed vesicles results in movement. However, this movement is
caused by localization noise in the vesicle connection from one frame to the next.

Binning for the histograms was slightly randomized, as otherwise vesicle binning results in

artifacts arising from the preferential assignment of vesicle positions to pixel centers

Particle influx analysis

Data analysis was carried out by Dr. Marcel A. Lauterbach and Dr. VVolker Westphal.

The particle influx (vesicle entering per second) into the imaged area (Figure 3.2 C) was
estimated by counting the traces of vesicles that started at the edge of the field of view.
Vesicle counting started after 17.5 seconds to be aware of having bleached all initial vesicles
in the imaged area. As four independent experiments showed variable densities of labeled
vesicles, the particle influx was set in relation to the initial amount of labeled vesicles per

frame, which was averaged from the vesicles found in the first ten frames of each movie.

Difference image analysis

Difference images (Figure 3.10) were generated by subtracting each frame of the movie from
the next one and then the mean of the total pixel values in the difference image was
calculated. The mean was expressed as percentage of the mean pixel value of the original
movie frame and was carried out for all frames. The resulting plots were smoothed by a

moving average with 15 frames.
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“Hot spot™ analysis

“Hot spot” analysis (Figure 3.6) was carried out by Dr. Marcel A. Lauterbach and Dr. Volker
Westphal according to (Westphal et al., 2008).

A “hot spot” is an object that (i) had a clear maxima in a running average over 50 frames and
(i) had a minimal brightness that is higher than 10-25% of the brightest object in the
averaged movie frames. Positions of “hot spots” were localized exactly as shown for vesicles
(see above). To analyze how much time each vesicle spent in a “hot spot”, a circle with a 7-
pixel diameter was overlayed around the localized “hot spot” and the fluorescence intensity
therein was measured and averaged over 7 frames. A vesicle was considered to be in a hot
spot when the fluorescence intensity in the circular area increased more than 6.5 fold of the
average background fluorescence intensity outside of the neuron. A vesicle was defined to be
inside a hot spot, when its localization was inside a radius of 60 nm (2 pixels) of the hot spot

localization.

2.2.10 Confocal Microscopy Data Analysis

Line profile correlation analysis

For the colocalization analysis (Figure 3.7) line scans of interest were drawn manually along
the axon in the live-labeled synaptotagmin channel. The pixel intensity profiles along the line
scan for both channels (synaptotagmin: red, protein of interest: green) were generated
automatically. To compare the intensity profiles the Pearson’s correlation coefficient was
calculated and plotted for the different proteins of interest.

Colocalization analysis to clathrin machinery (Figure 3.15): a similar analysis was performed
for getting the degree of colocalization between the membrane fused synaptic vesicle
material and the clathrin machinery. First, the black widow spider venom (BWSV), caffeine,
or control treated samples were fixed and immunostained against the surface exposed
synaptotagmin protein without TX-100 permeabilization using Cy5-tagged secondary
antibodies. Second, the samples were permeabilized with TX-100 and immunostained against
the proteins of the clathrin-machinery (clathrin or amphiphysin) with Cy2-tagged secondary
antibodies. Images were captured using an epifluorescence Olympus IX71 microscope
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equipped with a 100x objective, 1.4 numerical aperture (Olympus), an F-View Il CCD
camera (Olympus), using standard FITC (excitation filter HQ 480/40, dichroic mirror LP Q
505, emission filter HQ 527/30) and Cy5 filters (excitation filter HQ 620/60, dichroic mirror
LP Q 660, emission filter HQ 700/75).

FRAP data analysis

The alignment of the movie frames was carried out automatically by routines written in
Matlab. The bleached region and various control areas were chosen manually and their
average fluorescence intensity was calculated for each frame of the movie. As the sample
bleaches during movie acquisition, the average decrease in fluorescence intensity in the
control areas were calculated and used to normalize the FRAP curve to correct for the

bleaching.

Surface pool of synaptotagmin

To analyze the fraction of the surface pool of synaptotagmin (Figure 3.12) that remains on
the plasma membrane after BWSV, caffeine, or no divalents treatment the neurons were live-
labeled with direct-labeled Oyster-550 anti-synaptotagmin antibodies on ice. The cultures
were then either fixed directly on ice (no incubation), or left at RT for different time intervals
in Tyrode before fixation on ice. After quenching with 100 mM NH,4CI (in PBS) the neurons
were immunostained without permeabilization with Cy5-tagged secondary anti-mouse
antibodies that bind specifically to the synaptotagmin pool left on the plasma membrane.
Images were captured using an epifluorescence Olympus 1X71 microscope equipped with a
60x oil Uplan SApo objective, 1.35 numerical aperture (Olympus), an F-View Il CCD
camera (Olympus), using TRITC filter cubes for the 604.2 Oyster 550 (excitation filter HQ
545/30, dichroic mirror LP Q 570, emission filter HQ 610/75), and Cy5 filter cubes for Cy5
fluorescence (excitation filter HQ 620/60, dichroic mirror LP Q 660, emission filter HQ
700/75). The relative fluorescence intensity of the surface pool of synaptotagmin labeled with
Cy5 and the total pool of labeled synaptotagmin labeled with Oyster-550 was measured and
expressed as percentage of the control condition (the samples fixed directly on ice after
labeling).
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2.2.11 Preparation of Organ of Corti

Mice were killed by decapitation and the skin was removed from the head. After cutting the
head sagitally in two parts it was transferred to ice-cold standard HEPES-HBSS buffer. The
brain was removed and the inner ear was softly removed from the cranium. The bony
covering of the cochlea was gently opened and the apical turn of the organ of Corti was

removed from the modiolus and placed into the proper buffer for further treatments.

2.2.12 Inner Hair Cell Labeling
Live imaging experiments

The organ of Corti was place into an imaging chamber with standard HEPES-HBSS buffer
and positioned in place with fine nylon fibers. A high flow peristaltic pump and a suction
pipette constantly exchanged the buffer. Dyes for labeling were added directly into the buffer
in the chamber (bath application), which were then washed out by the pump and the suction
pipette. Live-labeling of IHCs was imaged with a Leica SP2 upright confocal microscope
(DMLFSA; Leica Microsystems) during dye application and its washout simultaneously in
transmission and fluorescence mode using a 63x, 0.90 numerical aperture HCX APO L U-V-I
water immersion objective (Leica Microsystems). Excitation of FM-dyes and dodecanoyl
fluorescein was performed using an Argon laser at 488 nm; fluorescence was detected with a
PMT in the spectral range of 500-700 nm. Dextran fluorescein and calcein are highly
fluorescent in solution, which resulted in the absorption of the excitation light. Thus, imaging
was performed using a multi-photon setup to restrict the focal spot to a smaller volume and
thus reject out-of-focus excitation. Dextran fluorescein and calcein were excited at 800 nm
(1.0 W output power) using a two-photon Ti:sapphire laser (Verdi-V8 femtosecond diode-
pumped laser, pulsed by Mira Optima 900-F; Coherent, Santa Clara, USA). Fluorescence was
detected at 500-660 nm. Sulforhodamin 101 was imaged using an Argon-Krypton laser at

561 nm, fluorescence was detected using a PMT in the spectral range of 600-750 nm.

FM photo-oxidation experiments

For FM photo-oxidation experiments the organ of Corti was pre-incubated in carbogen-
charged standard HEPES-HBSS buffer at 37-40°C. After 5 minutes the organ was placed in 5

39



uM FM1-43 diluted in standard HEPES-HBSS (zero calcium condition) or in high potassium
HEPES-HBSS (stimulated condition) for ~60 seconds at 37-40°C. The organ was either fixed
immediately by dipping it in a large volume of ice-cold 2.5% glutaraldehyde in PBS (2°C)
for 20 minutes on ice and additional 30 minutes at RT, or in case of stimulated organs they
were rapidly washed and left in carbogen-charged HEPES-HBSS buffer (with calcium) at 37-
40°C for different time intervals prior to fixation (5 and 30 minutes; with constant buffer

exchange). Afterwards the preparations were fixed as described above.

2.2.13 FM Photo-Oxidation
Hippocampal cultured neurons

Photo-oxidation of hippocampal cultured neurons was performed by Dr. S.O. Rizzoli

according to Rizzoli and Betz, 2004 (see details in Hoopmann et al., 2010).

Inner hair cells

Photo-oxidation of glutaraldehyde fixed IHCs was performed like the following (compare to
Henkel et al., 1996a; Rizzoli and Betz, 2004; Denker et al., 2009: The organ of Corti was pre-
incubated in fresh 100 mM NH,4CI for 20 min at RT to quench free aldehyde groups. After 10
minutes washing in PBS the organ was pinned with fine needles (stainless steel, Minutiae,
size class: 10) in a sylgard dish to prevent floating of the preparation and incubated with
filtered DAB (1.5 mg/ml in PBS) for at least 35 minutes (4°C) in dark to allow its penetration
into the tissue. After the addition of fresh DAB a focused spot was illuminated via an
Olympus 20x, 0.5 numerical aperture UPlanFL N objective until the fluorescent signal
disappeared and a crisp, brown precipitation product became visible (microscope: Axioskop
2 Fsplus (Zeiss, Gottingen, Germany) equipped with a 100 W mercury lamp (Zeiss), a 25%
neutral density transmission filter, an excitation filter (HQ 470/40), a dichroic mirror (495
DCLP), and an emission filter (500 long pass; all from AHF, Tubingen, Germany). The
sample was washed with filtered PBS and the photo-oxidized part was cut out and transferred

into filtered PBS for further electron microscopy processing.
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Figure 2.2: FM1-43 and the principle of photo-oxidation. FM1-43 is an amphiphilic
molecule consisting of a lipophilic tail group, that allows the FM dye to partition into
membranes, and a positively charged head group, which keeps it from flipping across the
membrane. The fluorophore is composed of two aromatic rings, which are located between
the head and the tail group. FM1-43 emits photons while illuminating with blue light, and
simultaneously creates reactive oxygen species (ROS). In the presence of 3,3’-
diaminobenzidine (DAB) during illumination, the ROS oxidize the DAB in the close
proximity of the FM dye. Oxidation of DAB leads to its precipitation to an electron dense
brown endproduct, which is visible in electron microscopy. The electron micrograph shows
an efferent IHC nerve terminal with a single photo-oxidized synaptic vesicle (red arrowhead).
Unlabeled clear core vesicles surround this labeled vesicle. The mitochondria (yellow
arrowhead) show a darkening that is not related to vesicle recycling and is a known process
of the photo-oxidation technique (Grabenbauer et al., 2005).

2.2.14 Sample Processing for Electron Microscopy

After photo-oxidation the samples were post-fixed for 60 minutes with 1% osmium tetroxide
(OsO, in filtered PBS) and washed 3 times with filtered PBS. They were then dehydrated
with an ethanol and propylene oxide (PO; Science Services, Munich, Germany) dilution
series (series with 30%, 50%, 70% ethanol for 5 minutes each, 90% and 95% ethanol for 10
minutes each, 3 times 100% ethanol for 10 minutes each, 50% PO in ethanol for 10 minutes,
3 times 100% PO for 10 minutes each) and incubated under continuous rotation for 12-18
hours in 50% epon resin in PO (Science Services). The samples were incubated at RT in
100% epon resin in open vials to allow PO diffusion out of and epon diffusion into the tissue.

After 6 hours the samples were embedded with fresh 100% epon resin and incubated at 60°C
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for ~40 hours. Hardened resin samples were trimmed and consecutive sections of 100 nm
were cut with a Leica microtome (Leica EM UCS6, Leica) and placed on formvar (0.5%)
covered copper grids (3.05mm, 2 mm x 1 mm; Plano GmbH, Wetzlar, Germany).

Electron micrographs were captured using a Zeiss EM 902A electron microscope equipped
with a 1024 x 1024 CCD detector (Proscan CCD HSS 512/1024; Proscan Electronic
Systems).

Each IHC section was scanned from the apical to the basal pole of the cell at a 20000x

magnification (see Figure 2.3 A for examples of consecutive IHC sections).

2.2.15 Three-Dimensional Reconstruction of Inner Hair Cells

After scanning all serial IHC sections the individual electron micrographs of a section were
assembled to get the full IHC image of this section (composed of 80-130 electron
micrographs per section, depending on the imaged cell, see Figure 2.3 A). The serial sections
were then aligned and warped with Photoshop (Adobe Photoshop CS3, version 10.0.1, Adobe
Systems Incorporated). In all sections the plasma membrane, the nucleus, the cuticular plate,
the active zone (ribbon) and the labeled, (photo-oxidized) organelles were manually redrawn
in Photoshop, and saved as separate images (Figure 2.3 B). From these images three-
dimensional reconstructions were generated using Matlab routines assuming a thickness of

100 nm for each section.
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Figure 2.3: Three-dimensional reconstruction processing. (A) Serial sections of the 5-minute
rest IHC are shown. Serial sections of 100 nm were cut and imaged with 20000x
magnification by scanning the IHC (depending on the cell one IHC section is composed of
80-130 electron micrographs). (B) Example of three-dimensional reconstruction procedure.
After assembling the individual IHC sections, all consecutive sections were aligned using
Photoshop warp tools and the plasma membrane (yellow), the nucleus (green), the cuticular
plate (cyan), and the labeled organelles (blue) were manually redrawn with Photoshop and
saved as single images. If present the ribbon was also redrawn (not shown here). The IHCs
were reconstructed from these images assuming a thickness of 100 nm for each section using
Matlab routines.

2.2.16 Data Analysis of Sensory Inner Hair Cells

The localization of labeled organelles and their 3D-rendering were carried out using routines
written in Matlab, described in Rizzoli and Betz, 2004 and Denker et al., 2009.
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3 Results

3.1 Conventional Synapses

3.1.1 STED Microscopy Resolves Single Synaptic Vesicle Movements in Living

Neurons

As outlined in the Introduction, synaptic vesicles are too small and densely packed in the
confined space of a synapse to be resolved with standard microscopes. Willig and colleagues
(Willig et al., 2006) showed recently that high-resolution STED microscopy (see Figure 2.1
in Methods) is able to resolve single synaptic vesicles in the boutons of fixed hippocampal
cultured neurons. However, as this study used fixed cells the first aim of this work was to
specifically investigate synaptic vesicle behavior with STED microscopy in vivo. Therefore,
synaptic vesicles of hippocampal cultured neurons were live-labeled with monoclonal mouse
anti-synaptotagmin antibodies and fluorescence-labeled (Atto647N) secondary Fab fragments
on ice. The primary antibodies recognize the lumenal domain of the synaptic vesicle protein
synaptotagmin (Matteoli et al., 1992; Mundigl et al., 1993; Kraszewski et al., 1995;
Fernandez-Alfonso et al., 2006). Thus, only synaptic vesicles that fused to the plasma
membrane during antibody incubation became labeled (selective surface staining), i.e. only
then the intravesicular domain of the protein is exposed to the extracellular environment
(Willig et al., 2006). After transferring the cultures back to RT the synaptic vesicles actively
recycled and incorporated the antibodies, thus labeling only the pool of recently endocytosed
vesicles. The antibody uptake did not disturb the recycling process, as they were endocytosed
relatively rapidly after switching the cultures back to room temperature (only ~18% of the
antibodies were left on the plasma membrane after 2 minutes at RT, and ~8% after 10
minutes (Westphal et al., 2008)).

STED imaging was performed in Tyrode buffer for 2-30 minutes at RT. An area of 1.8 um
by 2.5 um was imaged within 35 milliseconds, hence video-rate imaging with 28 frames per
second was applicable. Standard confocal microscopy failed in detecting single synaptic
vesicles (Figure 3.1 A, frame #1). However, high-resolution video-rate STED microscopy

enabled the separation of well-resolved single vesicles in consecutive STED frames (Figure
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3.1 A, frame #2 and #3) (For a comparison of video-rate STED nanoscopy and confocal
microscopy of living neurons see (Lauterbach et al., 2010)). Filtering of the movie frames to
increase the signal-to-noise ratio with a smoothing algorithm improved the localization of
single vesicles in consecutive STED frames, but not in the confocal movie frame (Figure 3.1
B). The STED microscopy-based resolution enhancement is shown in Figure 3.1 C,
demonstrating that STED microscopy resolved a single synaptic vesicle with a FWHM of 62
nm. Thus, a reduction by a factor of 18 was achieved when compared to standard confocal

microscopy (with the here used video-rate imaging system, for details see Methods).
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Figure 3.1: Video-rate STED microscopy. (A) First frames of a video-rate STED movie
(imaging speed of 28 frames per second) showing a part of a neuron with live-labeled
synaptic vesicles in confocal mode (frame #1) and STED mode (frame #2 and #3). The
imaged area has a dimension of 1.8 um by 2.5 um. With confocal imaging single vesicles
cannot be detected, however, live STED imaging allows for the detection of vesicles in
consecutive frames, white arrowheads in frames #2 and #3 point to relatively stable single
vesicles that reappear from one to the next frame. The inserts in frame #1 and #2 are the
colormaps used in confocal an STED mode, respectively. (B) Filtering of the movie frames
with a smoothing algorithm does not result in better object discrimination in confocal mode,
but makes single-vesicle-tracking more comfortable in consecutive STED frames. Scale bar
250 nm. (C) The FWHM of a confocally resolved (diffraction limited, summed over 10
frames) and a STED resolved (summed over 50 frames) single vesicle demonstrates a
reduction in the focal spot by a factor of 18. (Figure modified from (Westphal et al., 2008)).
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Surprisingly, as visibly evident from the supporting Movie Al (see attached CD and see
Appendix A.1 for the movie legend) the recently endocytosed vesicles exhibited an
unexpected high mobility. Filtering of the movie frames allowed automatic tracking of single
vesicles (Figure 3.2 A) and revealed a vesicle mean trace speed of approximately 2 nm per
ms (Figure 3.2 B; Movie Al).
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Figure 3.2: Synaptic vesicle speeds. (A) Consecutive STED frames (filtered, 35 milliseconds
per frame) of moving synaptic vesicles in a hippocampal neuron (see also Movie Al). Single
vesicles, which were tracked in the consecutive frames, are indicated by the colored
arrowheads (relatively stable vesicles). Scale bar: 250 nm. (B) Automated tracking of
vesicles allowed to calculate the average speed of the vesicles, shown as the mean trace
speed. (PDF: probability density function) (C) Counting of synaptic vesicles entering the
imaged area reveals high mobility of the recently endocytosed vesicles. Results are shown
from 4 independent experiments with various movies for each sample. The diameter of the
data points is proportional to the number of analyzed movies. (Figure modified from
(Westphal et al., 2008)).

Moreover, the high level of vesicle mobility was more evident when the vesicle entry in the
field of view was analyzed, since vesicles entered constantly from both directions (Figure 3.2
C). Counting of vesicle entry started after 17.5 seconds, to exclude the vesicles that were
initially present at the beginning of the imaging. Around 0.5-3 particles (vesicles) entered the
imaged area per second, indicating that most of the vesicles pass through the boutons. The
substantial high-mobility state of the recently endocytosed vesicles was a completely

unexpected result as the classical models of synaptic vesicle recycling propose that the

46



vesicles rapidly return to the original vesicle cluster after endocytosis, where they are
immobile. However, the vesicles appear to be mobile after their retrieval for any length of

time.

3.1.2 Active Transport is Partially Involved in Vesicle Motion

To test whether the movement of the recently endocytosed synaptic vesicles was diffusive or
possibly motor-driven (active transport along the cytoskeleton) the vesicle mobility was
investigated on neurons that were treated with cytoskeleton-perturbing agents. For the
disruption of the actin cytoskeleton the live-labeled neurons (as shown above) were incubated
for 10-45 minutes in Latrunculin A (20 uM) at RT and imaged in presence of the drug.
Nocodazole was used to disrupt the microtubules (20uM) and was pre-incubated for 20-60
minutes before the start of the movie acquisition. Control conditions were directly imaged in
0.5% DMSO, which was used as the solvent for both drugs. Vesicle tracking and speed
computation showed that the disruption of the cytoskeleton by one of the drugs decreased the
vesicle speed when compared to control preparations, indicating the involvement of motor-
driven vesicle transport (Figure 3.3; blue: Latranculin A, red: nocodazole). However, vesicle
movement was not abolished, suggesting that vesicle motion is partially diffusive and not
exclusively mediated by active transport mechanisms.
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Figure 3.3: Influence of cytoskeleton-perturbing agents on synaptic vesicle motion.
Hippocampal cultured neurons were live-labeled against synaptotgmin and treated either with
Latrunculin A to disturb the actin cytoskeleton (blue) or with nocodazole to disturb
microtubules (red). STED video-rate imaging was performed in presence of the drugs and
started after 10-45 minutes of pre-incubation with Latrunculin A, or after 20-60 minutes with
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nocodazole. Controls were imaged without a pre-incubation in DMSO. (Figure modified
from (Westphal et al., 2008))

3.1.3 Mobility of Recently Endocytosed Vesicles

The above-presented results argue against the limited vesicle mobility described in the
literature. The question raised whether the mobility of the recently endocytosed pool is
equally high in every location of the neuron? To test for this, the vesicle motion was analyzed
inside the axon and the bouton separately. Therefore, the neuronal morphology was
visualized by selectively labeling the mitochondria with MitoTracker Green FM (MTG; 15
minutes at 37°C). The mitochondria staining allowed for the separation between the boutons
and the axon (see Figure 3.4, A). Afterwards the synaptic vesicles were co-stained against the
vesicle protein synaptotagmin (as described). STED imaging was performed only in the
vesicle channel (red), whereas mitochondria were imaged in confocal mode (green). As the
STED laser was highly bleaching the MTG fluorescence, imaging was performed for 18
frames in the vesicle channel in STED mode and was then switched to confocal scanning for
2 frames in the MTG channel (see Movie A2 and Appendix A.1).

STED Sum or: ay - — Bouton
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Figure 3.4: Mobility of synaptic vesicles. (A) A single, non-filtered raw frame of the STED
movie (Movie A2) illustrates the temporary positions of the vesicles (left panel). A
summation of all frames of the 22-second long movie shows the preferred locations of the
vesicles (second panel from left). The selectively labeled mitochondria are shown in confocal
mode and display the axon and the bouton (on the right side of the axonal shaft) (second
panel from right). The overlay of the STED sum image and the confocal image of the MTG
shows the accumulation of synaptic vesicles (bright spots) at the edge of the mitochondria-
labeled bouton, giving evidence to be a functional release site (right panel). Scale bar: 250
nm. Voxel size: 30 nm?; pixel dwell time: 3.7 ps at the center, increasing to the side. (B)
Histograms of vesicle speeds separated for the axon and the bouton of the neuron shown in
(A). Interestingly, the vesicles moved faster in the axon than within the bouton.
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Tracking and calculation of the vesicle speeds in the axon and bouton separately revealed that
the vesicles in the axon moved faster than within the presynaptic nerve terminal (Figure 3.4
B). This demonstrates that the mobility of the recently endocytosed vesicles depends on the
vesicle location in the neuron, with lower movements in synaptic areas. These facts are in
agreement with previous findings and correlate to the classical model of vesicle recycling
(Sudhof, 2004). Nevertheless, the high overall vesicle mobility is in disagreement to the

literature, as indicated above.

3.1.4 Resting Vesicles are Immobile

The discrepancy to most of the studies in the literature is that in this work the investigation
was focused on the pool of the recently endocytosed vesicles and not on the total vesicle
pool. To elucidate whether only the recently endocytosed vesicles are characterized by a
high-mobility state, the vesicles were imaged at different time points after labeling. The
cultured neurons were labeled against synaptotagmin, and either imaged directly (as above)
or placed back into their growth medium at 37°C to be imaged after 2 hours. These 2 hours of
incubation would allow the labeled recently endocytosed vesicles to exchange with the
resting vesicle pool (Pyle et al., 2000). Proportions of the recently endocytosed vesicles
would then be integrated into the resting vesicle pool. STED movie acquisition was
performed exactly as before.

The comparison of the vesicle mobility of non-incubated (recently endocytosed vesicles) with
that of incubated neurons showed a tremendous change in vesicle behavior after incubation
(see Figure 3.5 A and B, frames #1-5, and Movie A3). The synaptic vesicles actually lost
their high mobility state. The decrease in vesicle motion was more obvious when difference
images of the non-incubated and the incubated preparations were compared (compare gray
panels in Figure 3.5). The dimmer difference image of the incubated neuron indicated less
object displacements from the first frame to the second, and thus less vesicle movement (see
Methods for calculating difference images).
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Figure 3.5: Synaptic vesicle mobility decreases after incubation. (A and B) Consecutive
STED frames (filtered, 35 milliseconds per frame) of well resolved, live-labeled synaptic
vesicles in living hippocampal neurons, imaged after 5 minutes (A) or after 2 hours (B) (see
Movie A3). Note the decrease in vesicle mobility after incubation by comparing the
difference images calculated from the first and second frames (gray panels in A and B). Scale
bar: 250 nm. Voxel size: 15 nm?; pixel dwell time 0.93 s at the center, increasing to the side.
(C) Hlustration of the median trace speeds of synaptic vesicles in the different conditions. The
histogram of the non-incubated vesicles is shown in green, the incubated preparations are
shown in red, the punctuated blue and black lines show the results of the mock-label
condition and the aldehyde fixed samples, respectively. Each histogram consists of 20000-
40000 vesicle traces. (D) Boxplot of median trace speeds, showing the statistical variability
between the different conditions. The red vertical line is the median of the median trace speed
of the respective condition. The left and right endings of each box display the lower and
higher quartiles, respectively, showing the interquartile range (dispersion about the median).
Boxes whose notches do not overlap have statistically different medians at a 5% significance
level.

Tracking of single vesicles in both conditions revealed that the non-incubated, recently

endocytosed vesicles (No Incubation) were highly mobile, but the high-mobility state was
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lost after incubation (Incubation; Figure 3.5 C, green and red curves, respectively; see
Appendix Figure A 1 for the individual histograms with the corresponding standard error of
the mean). Interestingly, incubated preparations showed identical vesicle mobility values as
aldehyde fixed preparations (compare red with punctuated black curve). Movements in
aldehyde fixed samples are due to localization noise in the vesicle assignment from one
frame to the next (see Methods). The vesicle mobility between incubated and non-incubated
samples changed significantly (Wilcoxon’s rank sum test, p = 2.5 x 10™).

To control for the reliability of the incubation protocol mock-labeling experiments were
performed, where the neurons were treated as for normal live-labeling, but without the use of
antibodies. The preparations were finally live-labeled on ice with anti-synaptotagmin
antibodies after placing them back for 2 hours at 37°C (see Methods). The synaptic vesicle
mobility of mock-labeled preparations was indistinguishable from non-incubated ones,
confirming that the live-labeling itself and the incubation protocol have no affect on the

vesicle behavior.

3.1.5 Stabilization and Cluster Integration of Vesicles after Incubation.

The characteristic behavior of synaptic vesicle motion in both the incubated and no-incubated
preparations can also be visualized by summing all frames of the individual movies (sum
images, as already shown in Figure 3.4 A). Sum images with blurred areas would
demonstrate vesicle motion. Areas where vesicles were temporary arrested or moved very
little would be characterized by high-intensity spots, or “hot spots”. Those hot spots represent
pockets within the synaptic vesicle cluster, where vesicles stick to and become stationary
(Westphal et al., 2008). Synaptic vesicles trapped in hot spots are consequently members of
the synaptic vesicle cluster. The sum images of non-incubated samples show usually blurred
vesicle traces. However, sum images of incubated samples are generally described by hot
spots (Figure 3.6 A). To characterize the synaptic vesicle behavior in non-incubated and
incubated samples, a running average analysis of the movies was performed (see Methods for
the running average analysis on hot spots, (Westphal et al., 2008)). The method is based on
the analysis of the time a vesicle remained in a hot spot (Figure 3.6 B). Vesicles from non-
incubated samples showed high mobility, with most remaining only briefly in hot spots (with

only ~18% of the vesicles spending 90% of their total trace time in a hot spot). Incubated
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samples showed a much lower vesicle mobility, with vesicles spending most of the time in
hot spots (with ~35% of the vesicles spending 90% of their total trace time in a hot spot). The
incubated vesicles had identical values to aldehyde fixed samples, demonstrating that they
became immobile (Figure 3.6 B).

— No Incubation
’ — Incubation
- Fixed

10 30 50 70 90

Time in Hot Spot [% of total trace time]

Figure 3.6: Synaptic vesicles become stationary after incubation. (A) Sum images of a non-
incubated (upper) and an incubated (lower) preparation. STED movies were acquired and raw
movie frames were averaged to get a sum image. Sum images show the preferred localization
of the synaptic vesicles. The upper sum image is characterized by blurred parts demonstrating
vesicle traces; however the lower sum image is characterized by hot spots. Scale bar: 250 nm.
(B) Histograms of the time the vesicles spent in hot spots as the fraction of their total trace
time in the three different conditions. Incubated and aldehyde fixed preparations show
identical results. Histograms are from 1670-9850 vesicle traces.

Next, | wanted to obtain more information about the localization of the synaptic vesicles
before and after incubation in relation to the synaptic vesicle cluster. For this | analyzed the
colocalization of live-labeled vesicles to synapse specific proteins of interest. Hippocampal
cultures were live-labeled on ice against synaptotagmin as shown above and were then either
left in Tyrode at RT for 20 minutes (No Incubation) or placed back into their growth medium
at 37°C for 2 hours (Incubation). In both cases the cells were afterwards fixed, permeabilized
and immunostained against synaptic proteins of interest. These were general synaptic vesicle
markers (synaptophysin, synapsin, Rab3) and AZ markers (Munc 13, bassoon, and the
postsynaptic glutamate receptor) (Sudhof, 2004) (see materials). As the neurons were
permeabilized during immunostaining, the vesicle markers had access to all synaptic vesicle

proteins. The labeling was therefore used as a vesicle cluster marker. The colocalization
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analysis was based on the colocalization between the live-labeled synaptic vesicles and the
vesicle cluster marker. Imaging was carried out using confocal laser-scanning microscopy for
both the live-labeled vesicles and the immunostained markers (see Figure 3.7 A and appendix
Figure A 2 for all synaptic marker proteins). The overlays of the live-labeled and the
immunostained vesicle marker synaptophysin shown in Figure 3.7 A indicated a higher level
of colocalization of the live-labeled vesicles and the common synaptic vesicle cluster after
incubation. This impression was also given for all other vesicle markers as well as for the AZ
markers (see Appendix Figure A 2). The degree of colocalization was more evident when
inspecting line profiles of fluorescence intensity for both the live-labeled synaptotagmin and
the immunostained synaptic vesicle marker (Figure 3.7 B). From the intensity profiles the
Pearson’s correlation coefficient was generated to compare the degree of colocalization
before and after incubation. For all synaptic vesicle and AZ markers the colocalization
increased after incubation (Figure 3.7 C). The results depict clearly that the recently
endocytosed vesicles were hardly connected with the common synaptic vesicle cluster and
the AZ, and were incorporated into the vesicle cluster after incubation. In addition, this
argument is in line with the colocalization analysis of the live-labeled vesicles with the
cytoskeleton element tubulin. Since tubulin is mainly located in the axon and generally
absent within the synaptic vesicle cluster, a decrease in colocalization was observed after
incubation (Figure 3.7 C; see also Appendix Figure A 2). Whether the values are correct was
demonstrated by a colocalization experiment of live-labeled synaptotagmin with the plasma
membrane protein SNAP-25. The SNAP-25 protein is uniformly distributed in the plasma
membrane (Punge et al., 2008) and its location is unrelated to the localization of the synaptic
vesicle cluster. Hence, the colocalization level was not altered after incubation (Figure 3.7 C).
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Figure 3.7: Cluster integration after incubation. (A) Colocalization of anti-synaptotagmin
live-labeled vesicles with the immunostained synaptic vesicle marker synaptophysin. Live-
labeled vesicles with anti-synaptotagmin antibodies (Syt, red) were fixed either after 20
minutes rest at RT (No Incubation, left panel) or after 2 hours of incubation at 37°C
(Incubation, right panel), and immunostained (with permeabilization) against the vesicle
marker synaptophysin (Syph, green). Comparison of the overlays in both conditions reveals a
higher colocalization after incubation. Scale bar: 1 um. (B) Fluorescence intensity profiles (in
arbitrary units, AU) of both the synaptotagmin (red) and the synaptophysin (green) color
channels from the corresponding images of (A) were obtained by manually drawing line
profiles along the axons through the synaptotagmin channel. (C) The fluorescence intensity
profiles were used to calculate the Pearson’s correlation coefficient between the
synaptotagmin live-labeled vesicles and the immunostained synaptic vesicle markers
(synaptophysin for example in (A) and (B), Synapsin 1,2 and Rab3), AZ markers (Munc 13-
1, bassoon and the postsynaptic glutamate receptor GIuR1), as well as for the plasma
membrane marker SNAP-25 and the cytoskeleton element tubulin. Typical images of all
immunostainings are presented in the Appendix Figure A 2. Colocalization results of non-



incubated preparations are shown in dark grey, the results of incubated preparations are
presented in light grey. Positive control experiments for the correlation coefficient analysis
are shown in black (two most right bars). They represent the colocalization of immunostained
synaptotagmin and synaptophysin (Syt-Syph) and the immunostaining against synaptophysin
using a mixture of Cy3- and Cy5-labeled secondary antibodies (Syph-dual-color). The
control experiments display the best possible colocalization that can be obtained with the
analysis program. The results (shown as mean = SE) are shown from at least three
independent experiments for each condition.

3.1.6 Both Vesicle Pools are Exchanged Between Synapses

From the results obtained so far, it can be summarized that the synaptic vesicles are highly
mobile after endocytosis (as shown with STED imaging) and colocalize only little with the
synaptic vesicle cluster (as shown by the colocalization analysis). They integrate after some
time into the vesicle cluster at the AZ (as shown by the colocalization analysis), where they
exhibit a low-mobility state (as shown with STED imaging and the hot spot analysis).

As explained in the Introduction, synaptic vesicles are not restricted to particular synapses,
but can exchange between neighboring release sites (Darcy et al., 2006; Chen et al., 2008;
Staras et al., 2010). A possible hypothesis could be that the recently endocytosed, mobile
vesicles are exchanged between synapses and the immobile, resting vesicles are fixed in the
synapse. Thus, the effect of the vesicle sequestration on the exchange between synapses was
investigated with the fluorescence recovery after photobleaching (FRAP) method. FRAP
imaging was carried out either directly after live-labeling (No Incubation) or 2 hours after
labeling (Incubation, see above). A fluorescently labeled spot, representing an entire synaptic
bouton was bleached and the fluorescence recovery within the bleached synapse was
measured (Figure 3.8 A). Fluorescence recovery directly indicated the incorporation of
neighboring vesicles in the bleached synapse. Surprisingly, the non-incubated (recently
endocytosed) and the incubated (resting) preparations showed no significant difference in
fluorescence recovery (Figure 3.8 B). Interestingly, the fraction of incorporated vesicles in
the bleached synapses was relatively low with around 30-40% recovery after less than two
minutes. This value is identical to that obtained in FRAP-studies on FM dye labeled
preparations (Darcy et al., 2006). Nevertheless, the amount is relatively low regarding the
high-mobility state of the recently endocytosed vesicles. This indicates that the majority of
the vesicles just move through the synapse without the incorporation into the synaptic vesicle
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cluster. However, the results are in agreement with previous findings, showing that both the
recycling (mobile) (Darcy et al., 2006; Staras et al., 2010) and resting (immobile) pool
(Fernandez-Alfonso and Ryan, 2008) exchange inter-synaptically.
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Figure 3.8: Inter-synaptic vesicle exchange. (A) Confocal images of an axon live-labeled
with anti-synaptotagmin antibodies presented at different time points of a FRAP experiment
(performed 12 minutes after vesicle labeling). A fluorescently labeled spot was bleached
(pre-bleach) and fluorescence recovery was recorded inside the bleached synapse (see
arrowhead in all four images). Note that some fluorescence reappears in the bleached area,
indicating that unbleached vesicles (from neighboring synapses) moved into the existing
vesicle cluster (inter-synaptic exchange). Scale bar: 1 um. (B) Histograms of the fluorescence
recovery (corrected for bleaching) for incubated (red line), non-incubated (green line) and
aldehyde fixed neurons (punctuated black line). Results are from 4-7 independent
experiments (with typically up to 10 FRAP curves per experiment; mean + SE).

3.1.7 Stimulation Effects on Vesicle Mobility

After incubation the labeled synaptic vesicles exhibit a low-mobility state in the synaptic
vesicle cluster at the AZ. Furthermore, they are now perfectly located to perform for what
they are made for, to fuse with the plasma membrane and exocytose their neurotransmitter
during stimulation. However, the directed movement towards the release site was never
monitored. It is still unclear how synaptic activity influences the synaptic vesicle cluster in
terms of recruiting single vesicles for exocytosis. What would be the effect of electrical
stimulation on both recently endocytosed and resting vesicle mobility states? To test for this,
live-labeled cultures were stimulated with 40 action potentials (2 seconds at 20 Hz) during
imaging. This stimulation protocol is known to recycle the readily releasable pool of synaptic

vesicles in this type of preparation (the docked and primed synaptic vesicles at the AZ
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(Schikorski and Stevens, 2001)). STED movie images were acquired with video-rate
recording before and during stimulation (start after 1.3 seconds, see Movie A4 and Appendix
A.1 for the movie legend). Vesicle tracking was performed for the non-stimulated first 1.3
seconds and during the 2-second stimulation train (Figure 3.9, frames #1-3 of A and B).
Comparing the median trace speed of synaptic vesicles before and during stimulation showed
identical speed histograms with no change upon stimulation in the vesicle behavior of neither
the non-incubated (recently endocytosed) vesicles nor the immobile (resting) vesicles (Figure
3.9 A and B). The synaptic vesicles of both mobility states seemed to be unaffected by the

stimulation train.
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Figure 3.9: Stimulation effects on vesicle mobility. (A and B) Consecutive filtered STED
frames of movies form non-incubated (upper panel, A) and incubated (lower panel, B)
neurons showing well-resolved synaptic vesicles during electric field stimulation (see also
Movie A4). The gray images show difference images from the first and second frames of the
respective panels. Scale bar: 250 nm. The histograms show the median trace speed of the
vesicles before start of stimulation (black) and during 2 seconds of stimulation at 20 Hz
(blue). Histograms are from 550-730 values.
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A second type of data analysis was also used, independent of single-particle-tracking
methods. For this, difference images were used to display direct measurements of motion,
since the displacement of an object from one frame to the next results in more intense

difference image than with objects that do not move in consecutive frames (see gray panels in
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Figure 3.9 A and B). Thus, difference images for both vesicle states were calculated and
normalized to the original intensity of the corresponding movie frame (see Methods). This
type of data analysis allowed for the direct visualization of any changes occuring at the
beginning and the end of the stimulation period. A change in the intensity of difference
images would be directly connected to increased or decreased movement of synaptic vesicles.
However, as shown in the histograms of Figure 3.10, no change in difference image intensity
can be detected at the beginning, during, or at the end of the 40-action potential stimulation
train.

Taken together, two different data processing methods (single-particle-tracking and
difference image analysis) showed identical results, with physiological stimulation having no
affect on synaptic vesicle mobility of both vesicle states (recently endocytosed and mature

vesicles).
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Figure 3.10: Analysis of synaptic vesicle mobility independent of single-particle-tracking
methods. The difference image intensity was computed for each movie frame (raw data) and
normalized to the intensity of this frame. Bleaching made the frames dimmer and thus the
consecutive difference images get proportionally brighter (upward trend in the curves). The
histograms were smoothed using a 15-frame moving average. The graphs show the mean +
SE from 20 (No Incubation) and 51 (Incubation) movies.
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3.1.8 Synaptic inactivity forces vesicles to integrate into the vesicle cluster

The stimulation experiments may lead to the conclusion that synaptic activity is not directly
linked to synaptic vesicle mobility. In the following experiment synaptic activity was
inhibited with tetrodotoxin (TTX) to test if this is indeed the case. The poison TTX binds
selectively to voltage-gated sodium channels and thus disables their proper functioning. The
block of sodium channels inhibits the generation of action potentials, which in turn leads to
repressed active neurotransmitter release (the synapse is silence). For the TTX experiments
the neurons were live-labeled against synaptotagmin (as shown) and then pre-incubated with
TTX (1uM, at RT) for 10 minutes before the start of STED imaging (Figure 3.11, frames #1-
3, see Movie A5). Interestingly, the synaptic vesicle mobility of TTX-treated preparations
was decreased when compared to untreated recently endocytosed vesicles ((control),
histograms in Figure 3.11). The results can be interpreted as a faster vesicle integration into
the vesicle cluster in the absence of synaptic activity. This suggests that synaptic activity is
needed to maintain the vesicles in a mobile state. Taken together, synaptic activity is thus

indeed linked to synaptic vesicle mobility.
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Figure 3.11: Synaptic vesicle motion is linked to synaptic activity. Hippocampal cultured
neurons were live-labeled against the vesicle protein synaptotagmin on ice, transferred to RT
and pre-incubated in 1 uM TTX in Tyrode buffer for 10 minutes (to block action potentials)
before capturing STED movies at 28 frames per second (see Movie A5). Three consecutive
frames are shown on the left side (frames #1-3) with well-resolved synaptic vesicles. The
gray panel shows the difference image between the first and the second frame (#2-#1). Scale
bar: 250 nm. The graph shows histograms of the median trace speed for TTX-preparations
(blue) and for control conditions (no treatment, black). Note the lower speed values for the
TTX-treated neurons, indicating that synaptic activity keeps the vesicles mobile.
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3.1.9 Low-Mobility of Fused Synaptic Vesicles

After synaptic vesicle exocytosis the vesicle material is located on the plasma membrane at
the AZ. The vesicle recycling models hypothesize that the vesicle material is mobile in the
membrane in order to move to the endocytic periactive zone. As the fused vesicle material
recycles rapidly after exocytosis (Westphal et al., 2008) it is difficult to explore its mobility
on the membrane.

Several methods can be devised to investigate fused vesicle mobility. The mobility under
natural conditions can be recorded in absence of divalent ions in the extracellular buffer. The
lack of divalent ions blocks endocytosis and also calcium-triggered exocytosis. The material
resides on the plasma membrane at an equilibrium state (Figure 3.12 A; (Zefirov et al.,
2006b)). Nevertheless, the amount of fused vesicle material can be increased in the absence
of divalent ions by stimulating exocytosis with caffeine (Zefirov et al., 2006a) or with the
black widow spider venom (BWSV, (Ceccarelli and Hurlbut, 1980; Henkel and Betz, 1995).
Treatment of neurons with caffeine in the absence of divalent ions efficiently causes
exocytosis by releasing a minor concentration of calcium from intracellular stores, such as
the endoplasmatic reticulum. This concentration is sufficient to trigger exocytosis and results
in the addition of a small fraction of vesicle material to the one on the plasma membrane
under equilibrium conditions. Quite contrary to caffeine, the BWSV treatment causes
massive exocytosis events with almost the entire synaptic vesicle pool being forced to fuse
with the plasma membrane. Endocytosis can at the same time be blocked by the lack of
calcium in the buffer (Ceccarelli and Hurlbut, 1980). The synaptic vesicle materials are then
retained in the plasma membrane of a swollen synapse (Figure 3.12 A).

These three conditions (control (no divalents), caffeine and BWSV) were used on
hippocampal cultured neurons to investigate the mobility of the fused vesicle pool on the

plasma membrane.

60



f Synaptotagmin

No Divalents

|
>

@% %Q BWSV

<
<

B C X 10 = BWSV
Syt § 122' \ == Caffeine
8 == No Divalents
% 80 -
SYlsurface T 604
>
: (2T
) k. &
a [&]
¢ il j
a o ;

0 5 10 20
Time [min]

Figure 3.12: Blocking endocytosis allows the investigation of fused synaptic vesicles. (A)
Schematic representation of the experimental setup. Endocytosis can be inhibited by
decreasing the concentrations of divalent ions in the extracellular medium (no divalents, left)
to specifically investigate the mobility of the surface pool of synaptotagmin at equilibrium.
The fraction of this pool can be increased by stimulation while simultaneously blocking
endocytosis using caffeine (not shown) or BWSV (right). Please consider that BWSV results
in an excessive increase in fused vesicle material contrary to caffeine induced stimulation.
(B) Hippocampal neurons were treated with BWSV, caffeine or divalent-free Tyrode with a
subsequent staining of the surface pool of synaptotagmin with directly fluorescence-labeled
Oyster-550 monoclonal mouse anti-synaptotagmin antibodies (Syt, green) on ice. After
different incubation times at RT the preparations were fixed and the surface retained
monoclonal antibodies were immunostained (without permeabilizaton) using Cyb-tagged
secondary antibodies (Sytsurface, red). Scale bar: 5 um. (C) The relative amount of antibody on
the surface was determined and expressed as the fraction of the control condition (fixed
immediately after labeling). The bars show the mean + SE from three independent
experiments for each condition. The dotted line indicates the amount of synaptotagmin left
exposed under natural conditions after only 2 min of incubation (Westphal et al., 2008). Note
that for all time points considered, all three conditions allow a large fraction of
synaptotagmin molecules to remain on the surface instead of being endocytosed.

Before the actual STED imaging was performed the reliability of the three different protocols
for blocking endocytosis was tested. The fraction of remaining surface-exposed
synaptotagmin was analyzed after different time intervals. To test for this the neurons were
first treated using the respective protocols (BWSV: 15 minutes incubation at 37 °C; caffeine:
5 minutes incubation at RT; control: 5 minutes incubation at RT). Afterwards, the fused
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synaptic vesicle material was live-labeled on ice with directly fluorescence-labeled Oyster-
550 antibodies against synaptotagmin. The neurons were then switched to RT and fixed at
different time points (fixation on ice after O (control), 5, 10, and 20 minutes), followed by
immunostaining (without permeabilization) with Cy5-tagged secondary antibodies for the
specific detection of the surface retained synaptotagmin protein. Images of the total labeled
synaptotagmin pool (green, Oyster-550) and the surface pool of synaptotagmin (red, Cy5)
were acquired (Figure 3.12 B). The amount of fused synaptotagmin left on the plasma
membrane after the particular time points was then quantified. The expected block of
endocytosis was fulfilled in all three conditions used. Even after 20 minutes approximately
two times more material remained on the surface in all three treatments when compared to
the amount left on the plasma membrane after 2 minutes under natural conditions (shown as
the dotted black line, see (Westphal et al., 2008)). The results revealed the strength of the
endocytosis block, with the most efficient inhibition observed for the caffeine treatment.

The mobility of the fused synaptic vesicle material was then investigated using live STED
imaging. The neurons were treated using these protocols and the surface-exposed
synaptotagmin proteins were live-labeled with directly fluorescence-labeled anti-
synaptotagmin antibodies (604.2 tagged with Atto647N obtained from Synaptic Systems,
Gottingen). The mobility of the surface pool is shown in Figure 3.13 A (see Movie A6). Note
the swollen synapse in the BWSV treated sample, indicating the massive amount of fused

synaptic vesicle material (upper row of Figure 3.13 A).
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Figure 3.13: Mobility of fused synaptic vesicles. (A) Hippocampal cultures were treated with
BWSV, caffeine or divalent-free Tyrode and the surface pool of synaptotagmin was live-
labeled. The panels show three typical movie frames (frames #1-3 in each row) from BWSV
(upper panel), caffeine (middle panel) or divalent-free (lower panel) preparations (see Movie
AB). The gray panels show the sum images (500 frames) of the movies from the respective
row. Each sum image has characteristical “hot spots”, indicating the preferred location of
fused vesicle material. Scale bar: 250 nm. (B) The graph shows histograms of the median
trace speed of the fused vesicle material (BWSV: black; caffeine: grey; no divalents:
punctuated black). Note that under natural conditions (no divalents) the material on the
membrane is limited in mobility. The mobility increased by adding more fused vesicle
material to the plasma membrane via stimulation with BWSV or caffeine. The histograms
were computed from 2500-3000 values.

Tracking of the fused vesicle material resulted in relatively low speed values under control
conditions (no divalents, Figure 3.13 B). Note that the mobility was almost identical to the

mobility of recently endocytosed vesicles. Surprisingly, BWSV and caffeine treated
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preparations showed faster vesicle movements on the plasma membrane compared to the
control condition. This indicates that the surface pool of synaptotagmin at normal conditions
is somehow hindered in its movements. However, the increased fraction of fused vesicles by
BWSV or caffeine resulted in a more unrestricted movement, indicating that these added
vesicles escaped the mechanism that is responsible for the low-mobility state under normal

conditions (control).

3.1.10 The Fused Vesicle Movement is Restricted

Can a free-diffusion model explain the movement of fused vesicles? As already shown, the
initial vesicles in the field of view bleached after some time and unbleached vesicles entered
the imaged area continuously from both sides. To investigate the diffusion of fused vesicles,
the number of fluorescent particles was determined for each movie-frame (compare with
Figure 3.2). In all three conditions the fluorescence was bleached relatively fast, and after
approximately 15 seconds only a limited number of particles entered the field of view,
regardless of their localization in the neuron (synaptic vesicles of both mobility conditions, or
fused vesicles on the plasma membrane; Figure 3.14). Interestingly, comparing these
histograms with the one of a non-specific antibody bound to the plasma membrane showed
that significantly more unbleached antibodies entered the field of view after 15 seconds (non-
specific antibody: 604.2 primary labeled in our laboratory with Atto647N that lost its binding
specificity due to the fluorescence labeling, see Appendix Figure A 3 for the specificity of the
“specific” and “non-specific” antibodies). Quantifying the fraction of particles entering the
imaged area after 15 seconds showed 26% + 1% (mean + SE) for the non-specific bound
antibodies, which exceeds the 4.1% for the surface pool under control conditions and the
8.6% and 9.8% obtained from the caffeine and BWSV treated preparations, respectively. The
results demonstrated that the movement on the surface is restricted by a certain mechanism,
as the non-specific antibodies entered much longer the field of view, obviously being in a

more free-diffusion state than the fused vesicle material.
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Figure 3.14: Fused motion analysis by bleaching. The amount of fluorescent particles per 50
movie frames was quantified and expressed as a fraction of the particle number in the initial
50 frames. As the particles are bleached during imaging, the amount of fluorescent particles
drops quite fast for all conditions analyzed (SV: synaptic vesicles). However, the number of
fluorescent particles was much higher in preparations that were labeled with an antibody that
binds non-specifically to the plasma membrane (black line). Particles constantly entered the
imaged area. The SE was obtained from various movies.

3.1.11 Clathrin-Structures Hinder Free-Motion of Fused Vesicles

Next, the mechanism was analyzed that could be responsible for the low-mobility state of the
fused vesicles. The most reasonable candidates were clathrin-coated pits, since they show
similar mobility values (0.8 + 0.06 um per second on MDCK cells, (Rappoport et al., 2003)).
Thus, experiments aimed directly at investigating the colocalization between the surface
vesicle pool and proteins of the CME machinery were performed. In principle, the same
experimental setup and analysis as for the colocalization experiment shown above were used
here (see Figure 3.7). In brief, the neurons were first, treated with one of the three different
protocols (BWSV, caffeine, control), second, live-labeled with the anti-synaptotagmin
antibodies on ice for surface labeling, and third, fixed and immunostained using Cy5-tagged
secondary antibodies. Fourth, neurons were immunostained (with permeabilization) against
the clathrin light chain or the clathrin adaptor protein amphiphysin using Cy3-tagged
secondary antibodies (Figure 3.15 A). Images were obtained with an epifluorescence
microscope, line profiles were manually drawn and the Pearson’s correlation coefficient was

generated (see Figure 3.7).
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The fused vesicle pool appeared to colocalize to some extent, but significantly (p<0.01, t-test)
with the clathrin endocytosis machinery in all conditions (Figure 3.15 B). This provided an
indication that a certain number of fused vesicles could move in partially invaginated

clathrin-coated pits.
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Figure 3.15: Fused synaptic vesicles colocalize with the clathrin machinery. (A) Cultured
hippocampal neurons were treated with BWSV, live-labeled with primary antibodies against
synaptotagmin and fixed. They were then immunostained using Cy5-tagged secondary
antibodies (Sytsurface, red) and subsequently immunostained (with permeabilization) against
clathrin or amphiphysin and Cy3-tagged secondary antibodies (clathrin upper, amphiphysin
lower part, green). Scale bar: 5 um. (B) Analysis was carried out as for Figure 3.7, drawing
line profiles for the fluorescence intensity, and the Pearson’s correlation coefficient was
determined for the surface pool of synaptotagmin and the clathrin-coat marker. For the
indication of a random colocalization, an inversed (mirrored) intensity line profile in the Cy5
channel from each experiment was used for the calculation of the correlation coefficient
(white bars). A positive control for the analysis, to receive the best possible correlation, is
shown in black and represents an immunostaining of the surface pool of synaptotagmin by a
mixture of Cy2- and Cy5-tagged secondary antibodies (neurons were treated with BWSV). A
significantly higher level of colocalization was obtained from the surface pool of
synaptotagmin with the clathrin-coat markers compared to the random correlation for
BWSV- and caffeine- treated neurons (p<0.01, t-test; n=3 independent experiments; only two
independent experiments were analyzed for “No Divalents”, for which the error bars show
the range of values).
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3.1.12 Morphological Description of Vesicle Recycling in Conventional Synapses

In the introductory part of this work | already described the different models of synaptic
vesicle recycling, with the classical recycling pathway suggested from ultrastructural
observations by Heuser and Reese in 1973 (Heuser and Reese, 1973). The classical model is
based on vesicle retrieval via clathrin-mediated endocytosis with subsequent coalescence of
the recycled vesicles to form cisternae. Finally, the cisternae divide and form new vesicles
(Heuser and Reese, 1973). According to the data presented above, the fused vesicle material
could use the clathrin-dependent pathway. What would be the fate of the newly formed
synaptic vesicle after it lost its clathrin-coat? Is the vesicle retrieved from the surface as a
“fusion-competent” synaptic vesicle or is there a sorting step via an endosomal/ cisternal
compartment to finally generate a “perfect” vesicle? The intermediate endosomal sorting step
in vesicle recycling is controversially discussed (see for example Murthy and Stevens, 1998;
Bonanomi et al., 2006; Rizzoli et al., 2006; Hoopmann et al., 2010).

The presented high-resolution imaging of mobile vesicles did not reveal the morphology of
the synaptic vesicle cycle. | can hypothesize that only a minor fraction of all synaptic vesicles
recycle (under reasonable stimulation). Furthermore, the retrieval mechanism likely uses
small vesicle-like organelles, since large cisternae or endosomal structures were never
observed with STED imaging.

Thus, in further experiments the morphology of the synaptic vesicle cycle in conventional
synapses was investigated. To characterize the morphology of recycling organelles and to be
able to localize and discern them from non-recycled organelles, membrane recycling was
visualized by labeling the organelles with the styryl dye FM1-43 followed by its photo-
oxidation and electron microscopy (see Methods).

Hippocampal cultured neurons were pre-incubated with FM1-43 for 10 seconds before start
of stimulation for 2 seconds at 20 Hz (recycling the RRP vesicles). The neurons were left in
FM dye to rest for different time intervals of 4, 10 and 30 seconds and were then fixed in ice-
cold glutaraldehyde (2.5% in PBS) to stop endocytosis. The different time intervals allowed
for the direct comparison of the morphology of the recently endocytosed organelles at various
steps in the recycling pathway (Figure 3.16 A). A first visual inspection of the electron
micrographs from the three different time points after labeling showed that after 4 seconds

the recycled organelles were small, after 10 seconds larger organelles appeared and after 30
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seconds again small organelles were present (Figure 3.16 B). The quantification of the
diameter of the organelles confirmed this impression. At 4 seconds after stimulation the
organelles had small diameters and were consistent in size (around 41 nm). This value is in
agreement with previous findings of the diameter of small synaptic vesicles (~41.6 nm,
(Takamori et al., 2006)). Interestingly, the second time point (10 seconds after stimulation)
was indeed characterized by a fraction of larger organelles with a mean diameter of around
50 nm (see inset of Figure 3.16 C), coming along with a reduction of small organelles (Figure
3.16 C, red). Finally, the 30 second time point again showed small vesicle-like organelles.
The decreased number of labeled organelles at 10 seconds (Figure 3.16 D) correlated well
with their increased diameter. Furthermore, the total labeled area was equal at all three time
points (Figure 3.16 E), showing that the total amount of labeling remained constant over

time.

In summary, the results are in agreement with those of Heuser and Reese including the steps
shown in their classical vesicle recycling pathway (Heuser and Reese, 1973). Small vesicles
fuse with cisternal compartments (or endosomes) leading to larger organelles at 10 seconds
after stimulation, from which then small vesicles are generated (hence the small vesicles at 30
seconds after stimulation).

I conclude that the morphological analysis of the vesicle cycle in conventional synapses
showed a rather simple recycling mechanism, with at least a partial involvement of

endosomal sorting.
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Figure 3.16: FM photo-oxidation reveals morphology of synaptic vesicle recycling. (A)
Hippocampal cultured neurons were pre-incubated in FM1-43 for 10 seconds prior to RRP
vesicle stimulation (2 seconds at 20 Hz). Neurons were fixed after a resting period of 4, 10,
or 30 seconds by dipping them in a large volume of ice-cold glutaraldehyde. The different
time points of fixation allowed the characterization of the morphological correlates in the
synaptic vesicle recycling pathway. The neurons were then processed for FM photo-oxidation
and electron microscopy. (B) Typical electron micrographs of hippocampal cultured synapses
taken from the samples with the different fixation time points show labeled (photo-oxidized)
small vesicle-like organelles at 4 seconds and 30 seconds after stimulation (red arrowheads),
however at 10 seconds after stimulation the amount of small organelles is reduced and larger
organelles are observable (red arrows). Mitochondria are marked by yellow arrowheads.
Positively photo-oxidized mitochondria are unrelated to synaptic vesicle recycling (Harata et
al., 2001; Grabenbauer et al., 2005). Scale bar: 200 nm. (C) Graph shows histograms of the
fraction of labeled organelles in relation to their diameter. As visually recognized in (B) the
fraction of labeled organelles with larger diameters 10 seconds after stimulation is more
evident (~50-100 nm). The inset shows a diagram of the averaged vesicle diameter displaying
a significant increase for the 10 seconds time point (p<0.01, t-tests). (D) The positive-
oxidized organelles were counted for each electron micrograph. At 10 seconds the amount of
organelles was significantly smaller (p< 0.05, t-tests). (E) Quantification of the total labeled
area. No significant differences between the various time points. All graphs show means *
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SE. Experiments and analysis were performed by Dr. S.0. Rizzoli - modified from
Hoopmann et al., 2010.

3.2 Sensory Synapses

3.2.1 Live Investigation of Vesicle Recycling in Sensory Inner Hair Cells

Inner hair cells are selectively labeled by FM dyes

While the vesicle recycling mechanism is relatively well explored in conventional synapses,
the membrane retrieval pathway in sensory cells is less well understood. | therefore worked
on the investigation of vesicle recycling in IHCs of the mouse cochlea.

Most of what is known today on vesicle recycling in conventional synapses (for an overview
see Introduction) was achieved by the use of styryl dyes (FM dyes). They have been used for
decades to report synaptic vesicle recycling in conventional synapses. The addition of the dye
to the bathing solution leads to the partition of the dye into the plasma membrane. Synaptic
vesicles that release neurotransmitter during dye incubation come into contact with the dye,
which binds to the vesicle membrane and gets thus incorporated upon vesicle endocytosis.
The FM dye can also be released from labeled vesicles when these fuse again with the plasma
membrane. While conventional synapses are entirely dedicated to vesicle-mediated
neurotransmitter release and synaptic vesicle recycling, IHCs also have to deal with vesicle-
unrelated endocytic and non-endocytic processes, which would presumably take up FM dyes.
Thus, one has to be careful here in interpreting FM studies on IHCs.

As reviewed in the Introduction, immediately after the addition of FM1-43 the FM
fluorescence appeared rapidly within hair cells at the apical pole (Seiler and Nicolson, 1999;
Gale et al., 2001; Griesinger et al., 2002; Meyers et al., 2003; Griesinger et al., 2004;
Griesinger et al., 2005). It is controversially discussed whether this fast FM dye entry is due
to endocytosis or to non-selective permeation through pores or channels at the apical pole of
the hair cells.

To test for this, | repeated the above-mentioned FM studies on cochlear IHCs. Therefore, the
organ of Corti from 14-18 day old mice was dissected and placed into an imaging chamber
filled with the standard HEPES-HBSS (calcium-free). To prevent floating of the organ it was
fixed in place with nylon fibers. The FM dyes were then applied to the standard HEPES-
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HBSS bathing solution (final concentration 10 uM). As shown in Figure 3.17 different FM
dyes labeled selectively the sensory IHCs with high intensity, while the surrounding cells did
not show any uptake (see Table 1 for details on dyes). Only FM3-25 showed almost no
membrane staining of the organ of Corti, not even with increased concentrations of 200 uM.
Incubation of FM3-25 on cultured neurons (60 seconds) with subsequent stimulation (20 Hz
for 30 seconds plus additional 30 seconds rest in the dye) revealed no uptake into synaptic
vesicles when compared to the punctuated synapse-specific staining of FM1-43 (Figure 3.17).
Although the fixable analogs of FM1-43 (AM1-43) and FM4-64 (FM4-64FX) are larger in
size due to their attached aliphatic amino group on the positively-charged head, they entered
the IHCs in the same fashion as the non-fixable FM variants. All FM dyes applied on IHCs
(except FM3-25) showed FM fluorescence within the entire hair cells already after 120

seconds, which is in agreement with the literature (Seiler and Nicolson, 1999; Gale et al.,

2001; Griesinger et al., 2002; Meyers et al., 2003; Griesinger et al., 2004; Griesinger et al.,
2005).

HC IHC IHC HCN —
FM4-64 FM4-64Fx FM3-25 FM3-25
IHC IHC IHC . HCN S

Figure 3.17: FM dye staining on IHCs and cultured neurons. Inner hair cells (IHC, left) of
the organ of Corti were labeled with the different FM dyes. Note that the IHCs are selectively
labeled (no other cells are labeled), except for FM3-25. This larger FM dye showed almost no
membrane staining on IHCs. When testing FM3-25 on hippocampal cultured neurons (HCN,
right) under electrical stimulation conditions (20 Hz for 30 seconds with additional 60
seconds rest in the dye), the dye was not taken up into synaptic vesicles as observed for the
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classical FM dye FM1-43 (compare the synaptic-like labeling pattern of FM1-43 with the
membrane staining of FM3-25). Scale bars: 10 um; HCN/ FM3-25: 5 um.

FM dyes enter IHCs at the apex in a fast non-endocytic process

Furthermore, time-lapse z-stack series were recorded during dye application and its washout
showing that FM dyes rapidly entered the IHCs at the apical pole as shown previously
(Figure 3.18) (Gale et al., 2001; Griesinger et al., 2002; Meyers et al., 2003; Griesinger et al.,
2004; Griesinger et al., 2005). Apparently, FM1-43 bound immediately to the plasma
membrane of the stereocilia after FM dye application (FP1, second series). The FM
fluorescence signal was already observable between the stereocilia and the nucleus in the
next z-stack series (FP2, 20 seconds later), while the basal part still showed no FM dye
uptake. After some time the fluorescence also became visible at the nucleus (FP3) and later
on at the basal pole (FP4).
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Figure 3.18: Characteristics of FM dye entry into living IHCs. FM1-43 entry into IHCs was
investigated using time-lapse z-stack series during dye application and its washout (FP: focal
plane). The first focal plane (FP1) was placed at the stereocilia level, FP2 between the
stereocilia and the nuclei, FP3 at the level of the nuclei and FP4 at the basal pole. Z-stack
series were imaged every 20 seconds. FM1-43 was applied between the first and the second
z-stack series (large Arrow).

To directly address the issue of labeling through endocytosis or non-selective permeation
through ion channels, the labeling of fixed IHCs was investigated. The organ of Corti was
fixed in 4% PFA for 60 minutes and afterwards imaged exactly as the living preparations
(time-lapse z-stack series during dye application and its washout). Surprisingly the fixed
preparations showed a similar IHC labeling with FM dye as the living ones (Figure 3.19).

The FM fluorescence was first visible at the stereocilia and then spread to the nucleus and
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later to the basal pole. With this simple experiment | demonstrated that endocytic processes
do not mediate the apical FM dye entry into the IHCs as they were fixed (dead). The uptake
was rather caused by the rapid permeation of the FM molecules through non-selective

channels.

FM1-43 P
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Figure 3.19: Characteristics of FM dye entry into fixed IHCs. FM1-43 entry into aldehyde
fixed IHCs was investigated using time-lapse z-stack series during dye application and its
washout. FM1-43 was applied as on living organs of Corti and z-stacks were acquired every
10 seconds (random z-stacks are displayed in chronological order). The appearance of the
FM dye in fixed IHCs is identical to live ones. Scale bar: 10 um.

The same experiments were also performed on fixed and permeabilized (3 minutes with 0.1%
TX100 at RT) organs of Corti to induce additional pores in the plasma membrane.
Interestingly, identical labeling results were obtained as for only fixed or living preparations
(Figure 3.20). Note that here also neighboring cells of the IHCs were labeled, as the dye

could penetrate through the pores induced by permeabilization.
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Figure 3.20: Characteristics of FM dye entry into fixed and permeabilized IHCs. FM1-43
entry into aldehyde fixed and TX-100 (0.1%) treated IHCs was investigated using time-lapse
z-stack series during dye application and its washout. FM1-43 was applied (large arrow) and
z-stacks were captured (random z-stacks are displayed in chronological order). The
appearance of the FM dye in fixed and permeabilized IHCs is identical to live and “only
fixed” ones (no permeabilization). Note the appearance of FM fluorescence in the
neighboring cells. Scale bar: 10 um.

Interestingly, in none of the conditions (alive, fixed, or fixed and permeabilized) the nuclei of

the IHCs showed FM fluorescence, since membranes are absent within the nuclei.

The so far obtained results on investigating vesicle recycling in IHCs by styryl dyes,
indicated that the various species of FM dyes enter the IHCs at the apex through ion channels
in a non-selective fashion. The rapid FM dye appearance within the IHCs is therefore
unrelated to vesicle recycling. Consequently, the use of FM dyes to investigate synaptic
vesicle recycling in living IHCs as performed on conventional synapses is not
recommendable - the results would be distorted by the non-selective passage of the dye into

the cytosol of the cells.
In further experiments attempts to block the unspecific permeation of FM dyes through ion

channels known to be located at the apical pole were conducted. All tested inhibitors (d-

tubocurarine to block the mechanotransduction channels and at higher concentrations P2X

74



receptor channels (Crumling et al., 2009); EGTA to break the tip-links of the stereocilia to
inhibit mechanotransduction; suramin to block the P2X receptors (Meyers et al., 2003;
Crumling et al., 2009)) still showed permeation of FM1-43 into IHCs. With some of the
inhibitors the intensity of FM fluorescence was partially reduced (data not shown; EGTA
showed no effect). The results of suramin are of secondary interest for the further work here,
but reveal important findings to its action in combination with FM dye labeling investigations
(please see the Appendix (Section A.5) for the additional experiments on blocking P2X

receptors by the pharmacological reagent suramin).

Other dyes used for vesicle recycling studies in inner hair cells

Whether other dyes than styryl dyes are suitable for studying vesicle recycling in living IHCs
was also tested (Table 1). First, dodecanoyl fluorescein, a small lipid-like molecule with a
fluorescent head group was used. Application of the dye on hippocampal cultured neurons
only showed the staining of the outer plasma membrane (1 mg/ml in Tyrode buffer for 60
seconds at RT), indicating no flipping or penetration (not shown). After high potassium
stimulation (~30 seconds, 70 mM KCI; 1 mg/ml dodecanoyl fluorescein) a clearly punctuated
synaptic-like pattern was visible, indicating the labeling of recycled synaptic vesicles (Figure
3.21, compare with FM1-43 pattern in Figure 3.18). Nevertheless, when the dye was added to
the organ of Corti, it labeled the IHCs in the same fashion as FM dyes, pointing also to the
penetration through channels (Figure 3.21).

The next tested dye was the fluorescent carbocyanine dye DiO. It has a positively charged
ring system (head group) that builds the fluorophore with two attached uncharged tails, which
make the dye extremely lipid-soluble. The dye appeared to be insoluble in an aqueous
environment and thus showed precipitation on membranes of cultured neurons, leading to

their partial labeling (Figure 3.21). Hence, it was not further tested on IHCs.

In a new attempt of testing dyes that should not be able to permeate through ion channels, the
cell impermeant, and polyanionic fluorescein derivative calcein was used. The small
molecule dye calcein (100 uM) showed spontaneous fluorescence in solution in contrast to
FM dyes. Therefore, standard confocal imaging was impossible in presence of the dye, as the
illumination light was absorbed along the lightpath in fluid, and fluorescence was not
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detectable. Thus, multi-photon imaging was used to decrease absorbance. The IHCs appeared
as dark areas in a highly fluorescent background when the dye was present during imaging
(Figure 3.21). Calcein has an identical molecular weight as FM1-43 (622 and 612,
respectively) but showed no permeation into hair cells, likely due to its different behavior in

binding/ interacting with membranes (Figure 3.21).

Dextran
fluorescein

HCN

Calcein Dextran
fluorescein

T
)

Figure 3.21: Labeling of hippocampal cultured neurons (HCN) and inner hair cells (IHC)
using different fluorescent markers. Upper panel from left to right shows epifluorescence
images of hippocampal cultured neurons tested with the following dyes: dodecanoyl
fluorescein (DCF), DiO (from the carbocyanine family), and 3000 Dalton dextran fluorescein
(multi-photon image). Lower panel from left to right shows multi-photon images of IHCs
tested with the following dyes: dodecanoyl fluorescein (DCF, confocal image), calcein, and
3000 Dalton dextran fluorescein. Note the appearance of a fluorescent spot at the basal pole
of the dextran labeled IHCs representing endocytosed dextran (white arrowhead). Scale bar
for HCN: 10 um, dextran HCN: 20 pum; scale bar for IHCs: 10 um.

Identical results were achieved for the fluorescein-labeled 3000 Dalton dextran. The 3000
Dalton dextran is small enough to get incorporated in synaptic vesicles of synaptosomes
(Rizzoli et al., 2006 used 10 kDa dextran), or the difficult to access neuromuscular junction
(Rizzoli and Betz, 2004). Multi-photon imaging was used to image the anionic (lysine
fixable) dextran fluorescein as it is also highly fluorescent in solution, as shown by the high
extracellular fluorescent background staining of cultured neurons in presence of the dye (0.25
mg per ml)(Figure 3.21). The imaging of IHCs after 4 minutes of dextran fluorescein
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incubation (1 mg per ml in standard HEPES-HBSS) showed no permeation of the dye
through ion channels. A subsequent acquisition of a single z-stack uncovered a labeled spot at
the basal pole inside one IHC, indicating an organelle that took up dextran during incubation
(Figure 3.21, white arrowhead). As the experiment was performed under zero calcium
conditions, one has to be careful in interpreting the result.

Both the fluorescein derivative calcein and the 3000 Dalton fluorescein labeled dextran seem
to be promising for live investigations of vesicle recycling in IHCs but need a more precise

testing.

Live-labeling of vesicles in inner hair cells using antibodies

In an additional approach | tested whether the vesicles of IHCs could be live-labeled with
antibodies as shown above for conventional synapses (see also (Matteoli et al., 1992;
Kraszewski et al., 1995)). For live-labeling anti-otoferlin antibodies that recognize the intra-
vesicular domain of the IHC-specific vesicle protein otoferlin were used (Roux et al., 2006;
Schug et al., 2006). The live-labeling protocol was adapted from the conventional labeling
protocol. Primary anti-otoferlin antibodies were applied for 10 minutes in high potassium
HEPES-HBSS buffer at RT. The organ of Corti was fixed and immunostained (with
permeabilization) with Cy2-tagged secondary antibodies.

Subsequent imaging of the embedded preparations using confocal optics revealed no labeling
of IHCs. Problems with the approach could be due to a slow binding affinity of the antibodies
to its antigen, or the antibody cannot penetrate through the tissue to reach the release sites of
the IHCs. Moreover, vesicle labeling also failed when the organ of Corti was incubated with
collagenase to clean the preparations from connective tissue prior to antibody application (25
ug per ml in calcium HEPES-HBSS for 5 minutes at 37°C). The correct function of the anti-
otoferlin antibodies was tested with immunostainings of IHCs (with permeabilization) (see

Appendix Figure A 9).
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Table 1: Fluorescent dyes tested as potential vesicle recycling markers in IHCs.

Dye Name Dye Type Testing Comments

FM1-43 Synaptic vesicle recycling marker in
(synaptogreen conventional ~ synapses  (cultured
C4; Biotium) Cultured neurons, NMJs). Permeate non-
(S;';g%g;gen “Classical” gr;;(:] Or]:eg(r)?tr:s, sel_ective through ion ch_anne.ls at the
C5: Biotium) FM dyes (IHCs) apical p_ole of IHC_s - dlsak_JImg them

FM4-64 for vesicle recycling studies as on
(synaptored conventional synapses.

C2; Biotium)
'(:'}g&ug’ arfa:i(:g;)sli)f Cultured neurons, | Larger in size compared to the
w . Organ of Corti | “classical” analogs — nevertheless
FM4-64Fx classical (IHCs) penetrating into the IHCs
(Invitrogen) FM dyes '
Labels the plasma membrane of
cultured neurons, however it is not
FM3-25 Cultured neurons, | taken up into small synaptic vesicles
Large FM . : . i i
(synaptogreen dye Organ of Corti | during stimulation. Organ of Corti
C18; Biotium) (IHCs) showed no response to bath
application, leaving all membranes
mostly unlabeled.
Shows identical results on
hippocampal cultured neurons as FM
Fluorescent | Cultured neurons, | dyes, with a synaptic-like pattern after
Dodecanoyl liid-li . 4 . - .
fluorescein ipid-like Organ of Corti | stimulation. _Stalnlng behavior on
molecule (IHCs) IHCs looks alike to that of FM dyes,
indicating its permeation through
channels.
(Dialkyl-) Highly lipophilic and non-solvent in
DiO Carbocyanine | Cultured neurons | water, leading to its precipitation when
family added to the aqueous buffer.
Polyanionic _ Shows no pgrmeatipn through ion

Calcein fluorescein Organ of Corti | channels or flipping in the membrane

(Invitrogen) derivati (IHCs) of IHCs and thus can be used as a fluid
erivative
phase marker.

Dextran Labeled Cultured neurons, | This small inert fluid phase marker is
fluorescein dextran Organ of Corti | unable to enter the IHCs through ion
3000 MW (IHCs) channels and seems to be endocytosed.
Otoferlin Polyclonal Organ of Corti | The antibody functions well in
antibodies antibodies (IHCs) immunostainings (see appendix). Live-

(Synaptic labeling needs further testing.

Systems)
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Up to now live-imaging of vesicle recycling in IHCs showed limited success. In summary,
first, the classical synaptic activity reporter dyes, like FM1-43 label the IHCs by a non-
selective entry through ion channels at the apical pole. Second, the antibody-based live-
labeling approach as used for vesicle labeling in vivo in conventional synapses showed no
results of any antibody uptake into vesicles. Third, some other dyes like calcein and the 3000
Dalton dextran fluorescein are promising in using them as recycling markers in IHCs.
However, they need further testing since the labeling efficiency in the first tests was very
low. Both calcein and dextran are described as fluid phase markers; their minor uptake into
organelles may be due to their weak binding affinity to membranes or lipids. Thus, the
incorporation into endocytic organelles is less effective than in the case of FM dyes or
antibodies, which present direct molecule-lipid or protein-protein interactions, respectively,

making them relatively difficult to use.

3.2.2 Ultrastructural Analysis of Recycling Organelles in Inner Hair Cells

Regarding the results of FM dye application on IHCs, one could conclude that FM dyes are
not applicable for investigating vesicle recycling in IHCs. However, while the FM dyes
permeate into IHCs through non-selective channels, they may also be taken up into
organelles via endocytic processes. This plausible hypothesis was tested by incubating the
IHCs with the styryl dye FM1-43 followed by its photo-oxidation and electron microscopy,
as performed on hippocampal cultured neurons (Figure 3.16) (Rizzoli and Betz, 2004,
Denker et al., 2009). The photo-oxidation technique allowed me to localize and discern the
endocytosed labeled organelles from the background and from non-recycled objects.
Moreover, it enabled me to perform the first morphological characterization of vesicle
recycling in IHCs. Thus, | can describe where vesicle retrieval is located and what type of
organelles participate in this process.

The organ of Corti was pre-incubated in standard buffer at physiological temperature for 5
minutes, incubated for ~60 seconds in FM1-43 (5 uM in the appropriate buffer, see below),
and fixed with ice-cold glutaraldehyde (2.5%). The preparations were then quenched and
prepared for the FM photo-oxidation process (see Methods).

Subsequently the preparations were continuously illuminated in presence of DAB which

resulted in photobleaching of the FM dye, while at the same time it generated reactive
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oxygen species that precipitated (through oxidation) the DAB in the close proximity of the
FM dye. As the FM dye was present in the entire hair cell (shown above) one could assume
that the endocytosed FM dye will be indistinguishable from the background precipitate
(cryptozoic FM dye). However, the DAB precipitation within the cytosol of the IHC resulted
in an almost homogeneously dispersed precipitate, as it was not captured in small membrane-
enclosed organelles. The organelles with endocytosed FM dye appeared darker than the
background, as the DAB precipitate is retained and concentrated inside the membrane-
enclosed organelles. Thus, the entire hair cell became a bit darker than the neighboring tissue
(due to the dispersed precipitate) and contained dark (black) structures in the cytoplasm,
representing the organelles that took up the FM dye during incubation. In conclusion, the
cytosolic FM dye did not cause difficulties for the electron microscopy analysis, as it was the

case for the recycling investigations in vivo.

For the morphological characterization of the membrane recycling pathway | investigated
membrane retrieval at different time intervals after labeling (similar to the morphological
characterization of the conventional synapses in Figure 3.16). The different time intervals
allowed for the direct comparison of the morphology of the recently endocytosed organelles
at various steps in the recycling pathway. The different steps were investigated under zero
calcium and high potassium stimulation conditions. FM incubation was performed as
described above, for approximately 60 seconds at physiological temperature in standard or
high potassium HEPES-HBSS, respectively. The organ of Corti was then either fixed
immediately to stop endocytosis (“zero calcium” and “high potassium/ stimulation™), or the
high potassium stimulation preparations were subsequently washed rapidly and left at rest for
different time intervals of 5 and 30 minutes (under physiological temperature and constant
exchange of the buffer).

Afterwards, the IHCs were photo-oxidized and processed for electron microscopy. Sections
of 100 nm were cut longitudinally and imaged using a transmission electron microscope. The
positive photo-oxidized structures (organelles that took up FM dye during incubation) for the
“zero calcium” IHCs are shown in Figure 3.22, and for the “stimulated” IHCs are shown in
Figure 3.23. Both figures show typical electron micrographs of 6 different IHCs, at the apical
pole (at the cuticular plate), the nucleus-area and the basal pole.
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In both conditions, labeled recently endocytosed organelles were observed at the apical part,
with small vesicle-like and larger endosomal-like organelles (upper panel). At the baso-
lateral side positive-oxidized tubules were visible (middle panel). A visual observation gave
the impression that the stimulation condition (Figure 3.23) had more vesicle-like and larger
endosomal-like organelles in the basal part compared to the zero calcium IHC (lower panel).
Note that the vesicles in the efferent synapses were not positively oxidized under zero
calcium conditions, but showed dye uptake in the stimulated preparations (Figure 3.23),
indicating the correct function of the buffers.

The electron micrographs in Figure 3.24 and Figure 3.25 show the “5 minutes” and “30
minutes” THCs, respectively. Endocytosed FM dye was still located at the apical part as it
was the case for the “zero calcium” and “stimulated” IHCs. The most obvious disparity
between the resting IHCs (5 and 30 minutes rest) and the zero calcium/ stimulated IHCs was
the absence of the tubular-like structures at the baso-lateral side. Instead of these elongated
organelles high frequencies of small vesicle-like organelles were present, suggesting that the
large tubules disintegrated into small organelles. At the basal part of the IHCs almost only
small vesicle-like organelles and fewer larger endosomal-like structures were observed, with
more numerous small organelles, compared to the immediately fixed stimulation conditions.
This suggests an origin of the vesicle-like organelles from the larger endosomal-like
structures. The efferent synapses of both conditions contained labeled vesicles as well.
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Figure 3.22: FM photo-oxidation of IHCs. Typical electron micrographs of 6 different IHCs
labeled with FM1-43 under zero calcium conditions showing labeled (photo-oxidized) round
(red arrowheads) and tubular-like organelles (red arrows). Upper panel: micrographs of the
apical pole of IHCs (SC: stereocilia; CP: cuticular plate). Middle panel: micrographs taken at
the baso-lateral side of IHCs (at nucleus (N)). Lower panel: micrographs of the basal pole of
IHCs (ES: efferent synapse). Mitochondria are indicated by yellow arrowheads. Scale bar:
200nm.
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Figure 3.23: FM photo-oxidation of IHCs. Typical electron micrographs of 6 different IHCs
labeled with FM1-43 under high potassium stimulation. The micrographs show labeled
(photo-oxidized) round (red arrowheads) and tubular-like organelles (red arrows). Note that
here also the basal pole is characterized by labeled organelles. Upper panel: micrographs of
the apical pole of IHCs (SC: stereocilia; CP: cuticular plate). Middle panel: micrographs
taken at the baso-lateral side of IHCs (at the nucleus (N)). Lower panel: micrographs of the
basal pole of IHCs (ES: efferent synapse; white arrowhead indicates labeled efferent synaptic
vesicles). Mitochondria are indicated by yellow arrowheads. Scale bar: 200nm.
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Figure 3.24: FM photo-oxidation of IHCs. Typical electron micrographs of 6 different IHCs
labeled with FM1-43 under high potassium stimulation and left for rest additional 5 minutes.
The micrographs show only labeled (photo-oxidized) round organelles (red arrowheads).
Note that labeled tubular organelles are absent. Upper panel: micrographs of the apical pole
of IHCs (SC: stereocilia; CP: cuticular plate). Middle panel: micrographs taken at the baso-
lateral side of IHCs (at the nucleus (N)). Lower panel: micrographs of the basal pole of IHCs
(ES: efferent synapse; white arrowhead indicates labeled efferent synaptic vesicles).
Mitochondria are indicated by yellow arrowheads. Scale bar: 200nm.
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Figure 3.25: FM photo-oxidation of IHCs. Typical electron micrographs of 6 different IHCs
labeled with FM1-43 under high potassium stimulation and left for rest additional 30
minutes. The micrographs show labeled (photo-oxidized) round organelles (red arrowheads).
Upper panel: micrographs of the apical pole of IHCs (SC: stereocilia; CP: cuticular plate).
Middle panel: micrographs taken at the baso-lateral side of IHCs (at the nucleus (N)). Lower
panel: micrographs of the basal pole of IHCs (ES: efferent synapse; white arrowhead
indicates labeled efferent synaptic vesicles). Mitochondria are indicated by yellow
arrowheads. Scale bar: 200nm.
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3.2.3 Three-Dimensional Reconstruction of Inner Hair Cells Reveals the Vesicle

Recycling Pathway

The analysis of typical electron micrographs from the different time intervals (zero calcium,
high potassium stimulation, 5 minutes, 30 minutes) allow a rather vague interpretation of the
morphology of the vesicle recycling process in IHCs. Thus, I reconstructed three-dimensional
images of the different treated IHCs to better describe the morphological nature of the
organelles that are involved in the vesicle retrieval process.

As a first step | cut serial cross-sections of 100 nm from the organ of Corti and imaged the
IHCs using a transmission electron microscope. The individual micrographs of a single serial
section were afterwards merged to obtain full image of the entire IHC. All merged serial
sections were aligned using Photoshop. See Figure 3.26 for aligned serial sections of the
“zero calcium” (A) and “stimulated” (B) IHCs and Figure 3.27 for “5 minutes” (A) and “30
minutes” (B) IHCs. The shape of the IHCs is almost identical for all conditions (bottle-like
structure). The cuticular plate is visible as a dense area at the apical tip of the IHCs (from
where the stereocilia emerge). Additionally, in all sections mitochondria are visible as black
spots (note that the photo-oxidized darkening of the mitochondria was not related to vesicle
recycling (Grabenbauer et al., 2005)). The nuclei are visible in each single section in the
middle of the IHCs.
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A  Zero Calcium

Figure 3.26: Three-dimensional processing of IHC sections. Aligned IHC serial cross-
sections build from merged individual electron micrographs (# indicate the section number).
Yellow arrowheads indicate the darkened mitochondria, cyan arrowheads the cuticular plate,
and green arrowheads indicate the nucleus. (A) Zero calcium condition. (B) High potassium
stimulation. Note that the serial sections of the “stimulated” preparation (B) show two
adjoining hair cells (the nucleus of the left cell disappears with deeper cutting).
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Figure 3.27: Three-dimensional processing of IHC sections. Aligned IHC serial cross-
sections build from merged individual electron micrographs (# indicate the section number).
Yellow arrowheads indicate the darkened mitochondria, cyan arrowheads the cuticular plate,
and green arrowheads indicate the nucleus. (A) Stimulated IHC after 5 minutes rest. (B)
Stimulated IHC after 30 minutes rest.

In the further processing | used the serial sections to generate three-dimensional
reconstructions of the individual IHCs. Cochlear IHCs of the mouse typically have a diameter
of around 5-10 um and a length between approximately 30-40 um. These dimensions made it
difficult to reconstruct entire IHCs and thus the reconstruction was limited to around 20+1
sections per condition (resulting already in approximately 2000 electron micrographs per

IHC). With a section depth of 100 nm in total, more than 2 um along the longitudinal axis of
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one hair cell was reconstructed (the true thickness of a single section was slightly bigger than
100 nm, as the preparations shrink by approximately 25% during electron microscopy
processing (Gaffield et al., 2006)). For the three-dimensional reconstruction the plasma
membrane, the nucleus, the cuticular plate, the active zones, and the labeled organelles were
manually redrawn with Photoshop and saved as single images (see Methods for example
images of redrawn structures). The IHCs were then reconstructed from these images

assuming a thickness of 100 nm for each section, using routines written in Matlab.

Labeled Organelles
» Active Zone (7

Figure 3.28: Three-dimensional reconstruction of the FM1-43 labeled and photo-oxidized
zero calcium IHC. The plasma membrane is represented in yellow, the cuticular plate in cyan,
the nucleus in green, the labeled organelles in purple, and the active zone in red (red
arrowhead indicates the location of the ribbon). The reconstruction is made of 21 serial cross-
sections, each with a section depth of 100 nm.

The three-dimensional reconstructions of the IHCs under zero calcium and stimulation

conditions (Figure 3.28 and Figure 3.29, respectively) displayed an involvement of large
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cisternae (and not tubules) in the membrane recycling process. Their primary location was
essentially at the baso-lateral site. Interestingly, as already observed from single electron
micrographs they disappeared in the IHCs with the resting periods (compare Figure 3.30 (5
minutes) and Figure 3.31 (30 minutes) with Figure 3.28). The reconstructed stimulation IHC,
as observed before, showed a more numerous appearance of round organelles at the basal
part, compared to the zero calcium IHC. All reconstructed IHCs showed labeled organelles at
the cuticular plate (apex). Nevertheless, in all reconstructions the major membrane labeling
was located below the nucleus, suggesting that the apical membrane retrieval might be just a
minor recycling route. Interestingly, by comparing the control (zero calcium) and the 5
minutes conditions by eye the baso-lateral sites were characterized in the former by cisternae
and in the latter by high frequencies of small labeled organelles. This indicates that a
morphological change of the organelles has occurred. The large elongated cisternae likely
disintegrated into round vesicle-like organelles. A morphological analysis of the

reconstructions is presented below.

Labeled Organelles & A
» Active Zone A

.
» =
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Figure 3.29: Three-dimensional reconstruction of the FM1-43 labeled and photo-oxidized
high potassium stimulation IHC. The plasma membrane is represented in yellow, the
cuticular plate in cyan, the nucleus in green, the labeled organelles in purple, and the active

90



zone in red (red arrowhead indicates the location of the ribbon). The reconstruction is made
of 19 serial cross-sections, each with a section depth of 100 nm. Note that here two

neighboring IHCs are partially reconstructed.

,..
}/

Labeled Organelles

» Active Zone

-

Figure 3.30: Three-dimensional reconstruction of the FM1-43 labeled and photo-oxidized
high potassium stimulation and 5 minutes rest IHC. The plasma membrane is represented in
yellow, the cuticular plate in cyan, the nucleus in green, the labeled organelles in purple, and
the active zone in red (red arrowhead indicates the location of the ribbon). The reconstruction
is made of 21 serial cross-sections, each with a section depth of 100 nm.
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Labeled Organelles

» Active Zone

Figure 3.31: Three-dimensional reconstruction of the FM1-43 labeled and photo-oxidized
high potassium stimulation and 30 minutes rest IHC. The plasma membrane is represented in
yellow, the cuticular plate in cyan, the nucleus in green, the labeled organelles in purple, and
the active zone in red (red arrowhead indicates the location of the ribbon). The reconstruction
is made of 21 serial cross-sections, each with a section depth of 100 nm.

3.2.4 Morphological Analysis of Recycling Organelles in Inner Hair Cells

The three-dimensional reconstructions revealed already much information about the
morphology of the vesicle recycling pathway in IHCs. However, for a more detailed view on
the morphological changes of the endocytosed organelles | performed a morphological
analysis of the recycling organelles. The analysis should address the questions (1) of what
nature are the recycling organelles and (2) where are the different organelles located? Thus, |
used different tools to analyze the distribution and the size of the organelles.

In a first step the positive photo-oxidized organelles were counted to describe the average
density. The IHC at 5 minutes showed approximately twice as many labeled organelles (on

average ~4 organelles per pmz) compared to the zero calcium and the stimulated IHCs (2.1
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and 1.6 organelles per um?, respectively; Figure 3.32). However, after 30 minutes rest fewer
labeled organelles were present compared to the 5 minutes time point (on average around 2.6
organelles per um?). One can infer from the density increase after 5 minutes and its decrease
after 30 minutes that the membrane was retrieved via large infoldings (large membranes
exhibit lower organelle densities), from which then small vesicles bud off, which results in
the higher density of labeled organelles at 5 minutes. These vesicles could then participate
again in neurotransmitter release and thus lose the FM dye, which is shown by the decrease

of labeled organelles after 30 minutes.

Density [# Organelles / |Jm2]

Zero Ca High K 5 min 30 min

Figure 3.32: Density of labeled organelles. Shown are the numbers of organelles present per
um? for the four three-dimensional reconstructed IHCs.

Furthermore, | analyzed the size and shape of the labeled organelles. Two histograms present
the results. The first illustrates the size of the organelles where the fraction of labeled
organelles was plotted against the area they occupied (Area histogram, Figure 3.33). The
second shows the fraction of labeled organelles, which was plotted against the axis ratio
(major axis versus the minor axis of the organelles; Ratio histogram, Figure 3.34). The
histograms reflect clearly the observed impressions from the three-dimensional
reconstructions above. Before dye wash-off (+/- stimulation), most of the labeled organelles
occupied large areas (Figure 3.33) and were elongated in shape (Figure 3.34), while at 5 and
30 minutes after stimulation the organelles were small in size (Figure 3.33) and almost round

in shape (Figure 3.34).
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Figure 3.33: Area histograms of labeled organelles. The histograms show the area the
organelles occupied in the different IHCs. The organelles in the zero calcium (orange) and
the high potassium stimulation (red) IHCs are larger in size than the organelles of the 5 (blue)

and 30 (black) minutes rest IHCs.
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Figure 3.34: Axis ratio histograms of labeled organelles. The ratio of the major axis against
the minor axis of labeled organelles was calculated and plotted as the fraction of labeled
organelles. The axis ratio depicts the nature of the organelles, with spherical objects having a
ratio of one while elongated structures (with a larger major axis) exhibit higher ratios. The
organelles of the zero calcium IHC (orange) and the stimulated IHC (high potassium, red) are
characterized by higher axis ratio values compared to the 5 and 30-minute time points (blue

and black, respectively).
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The shape of the organelles became also clear when analyzing scatterplots, where the values
from the major axis and the minor axis of the organelles were presented (Figure 3.35). Both
rested IHCs (5 minutes: blue, 30 minutes: black) showed clustered values with primarily low
major and minor axis values, indicating that most of the organelles were small and round
shaped. However, the plots of the zero calcium and the stimulated IHCs showed both a broad
value distribution, which verified that many types of organelles were present (large and
round, large and elliptic, elongated).
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Figure 3.35: Scatterplots of major versus minor axis values of labeled organelles. The
scatterplots present the nature of the organelles in the different treated IHCs. The “zero
calcium” (orange) and the “high potassium” IHCs (red) had broad variations of organelles,
with high values for the major and the minor axis. The “5 minutes” (blue) and the “30
minutes” (black) IHCs had organelles with smaller major and minor axis values, indicating
small and round organelles.

A second scatterplot analysis represents the area an organelle occupied related to the
previously calculated ratio (major axis vs. minor axis) (Figure 3.36). The graphical
illustration clearly showed the characteristic morphology of the labeled organelles at the
different time points in the recycling pathway. The zero calcium and high potassium
stimulated IHCs contained lots of large elongated organelles, as could be seen from the
correlation of high area and ratio values. In contrast the 5 minutes and 30 minutes time points
were characterized by only small organelles, as large area and ratio values were almost
absent. Only few elongated objects were present after 30 minutes. However, they were still

smaller in size compared to the organelles from the zero calcium and the stimulation IHCs.
Taken together, the non-stimulated and the stimulated IHCs were both characterized by large

elongated and also round organelles, occupying large areas. In contrast, the IHCs at 5 and 30

minutes after stimulation can be described by mostly small spherical organelles.
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Figure 3.36: Scatterplots of the area occupied by the organelles versus their axis ratio. The
scatterplot shows that the “5 minutes” IHC (blue) had small and round organelles (low area
values correlate with low ratio values), similar to the “30 minutes” IHC (black), which had
some more elongated tubular structures (low area values correlate with some higher ratio
values). The “zero calcium” (orange) and “high potassium” (red) [HCs show both high area
values correlating with high ratio values, reflecting the existence of large cisternal organelles.
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3.2.5 Morphological Separation of Labeled Organelles

In the next step the organelles were separated by their morphological nature to demonstrate
and compare their appearance at the different steps in the recycling pathway. Thus, the
organelles were separated into classes like the following: “elongated organelles” were
characterized by a major axis that was two times larger (or more) than the minor axis; “larger
elliptic organelles” had a ratio between 1.2 and 2; “larger round organelles” had a ratio of <
1.2; “small vesicles” are characterized by a ratio of < 1.2 and a size of < 60 nm. The
characteristic organelle classes were plotted as the fraction of all labeled organelles (Figure
3.37). The non-stimulated IHC contained mainly elongated organelles (> 95% of the
occupied area, gray) and a few larger elliptic organelles (~3%, green). The fractions of small
vesicle-like organelles and larger round organelles were very low in relation to the area they
occupied (both ~0.4%). A similar distribution of the organelle classes was found in the
stimulated IHC. While large elongated organelles were predominant (~88%, Figure 3.37 B),
a higher fraction of large elliptic organelles (~7%) and small vesicle-like organelles (~1-2%)
were present. Importantly, the stimulated IHC had the highest proportion of large round
organelles (~2%, Figure 3.37 B). As shown before, the morphology separation pattern
completely changed after 5 and 30 minutes rest. After 5 minute an almost negligible fraction
of elongated organelles was present with less than 1% of all labeled organelles (Figure 3.37
B), and only few elliptic organelles existed (< 3%). Interestingly, the small vesicle-like
organelles accounted for the highest fraction of labeled organelles with around 95%. After 30

minutes the distribution was similar to the 5 minutes time point.
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Figure 3.37: Organelle morphology separation. (A and B) The separation was performed
related to the classes of organelles in the different IHCs. The small vesicle-like organelles
(blue) and the elongated organelles (grey) change their proportion in the recycling process.
The fraction of larger elliptic organelles (green) was almost identical in all four IHCs. Larger
round organelles (red) were most abundant in the high potassium IHC.

Furthermore, | specifically analyzed the localization of the organelle classes to make
assumptions concerning their preferred areas. For this, the length of each entire IHC (apical
to basal) was divided into sections of 1100 nm (Figure 3.38). Additionally, for each section
the organelle morphology was separated, as presented above, to describe the distribution of
the organelles in the respective segment of the cell. In the case of the zero calcium IHC the
main position of the elongated organelles in the cell (the main organelle structure here) was
between 8800 and 26400 nm, at the baso-lateral site. These areas were almost free of small
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vesicles, which were only found at the basal pole, (last sections in Figure 3.38 A). The
comparison with the stimulated IHC showed that with stimulation the proportion of larger
round and elliptic organelles increased substantially at the basal release site, indicating a
possible role for endosomal-like organelles in a basal recycling process (last three elements in
Figure 3.38 B). The distribution of large elongated organelles was identical to the zero
calcium condition. Both hair cells show vesicle-like structures at the apical part (each ~50%
(first sections from left in Figure 3.38 A and B)). After 5 minutes rest the IHC contained
almost only small vesicle-like organelles (Figure 3.38 C). Just the apical part was
characterized by small, elliptic and a few elongated organelles. The organelle morphology
separation after 30 minutes revealed identical results. Small vesicles dominated the middle
segments and a small fraction of elongated organelles was present at the apical part (Figure
3.38 D; see also the three-dimensional reconstruction).
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Figure 3.38: Organelle morphology separation along the cell. (A-D) IHCs were separated in
1100 nm sections and the organelle classes in each section were determined and corrected for
the area the labeled organelles occupied. (A and B) Both the zero calcium and the high
potassium IHCs were characterized by high fractions of elongated organelles (grey) at the
baso-lateral side (middle sections). At these locations only small vesicles (blue) were
abundant after 5 and 30 minutes (C and D). Note that the high potassium IHC (B) shows high
fractions of larger round and eliptic organelles at the basal pole (red and green, respectively).

A less quantitative but more visual presentation about the morphological variability of the
stimulated (high potassium) IHC is displayed in Figure 3.39. The projection of the serial
sections shows color-coded organelles according to the ratio the individual organelle exhibits
(see color scale at the bottom). It is clearly obvious that high fractions of larger round and
elliptic organelles are present at the basal release site (compare Figure 3.38, red), indicating
most likely endosomal-like organelles that are used in parallel to the cisternae for vesicle

recycling upon stimulation.
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Figure 3.39: Axis ratio variability along the stimulated IHC. Serial section projection of the
high potassium IHC illustrates the axis ratio variability of the organelles. High ratio
organelles (elongated organelles) are presented in purple, low ratio organelles (round) are
depicted in red (see ratio colorscale). Note that high fractions of larger round organelles can
be seen at the basal pole (highlighted by dashed black circles), indicating endosomal
intermediates in the recycling pathway upon stimulation.
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4 Discussion and Conclusions

As reviewed in the Introduction of this work the steps of the vesicle cycle in conventional
synapses are relatively well understood, although the general mobility of synaptic vesicles
has so far only been studied using indirect measurements using sparse vesicle labeling
(Gandhi and Stevens, 2003; Lemke and Klingauf, 2005; Zhang et al., 2009), indirect mobility
measurements with FRAP (Kraszewski et al., 1995; Henkel et al., 1996b; Kraszewski et al.,
1996; Gaffield et al., 2006) or correlation spectroscopy (Jordan et al., 2005; Shtrahman et al.,
2005; Yeung et al., 2007). With these diffraction-limited imaging techniques only the
averaged synaptic vesicle mobility was investigated resulting in insufficient vesicle behavior
informations. In the present work | therefore studied specifically the mobility of single
synaptic vesicles in living cultured neurons using high-resolution stimulated emission
depletion fluorescence microscopy, as well as conventional microscopy techniques. STED
microscopy allowed me to visualize moving single synaptic vesicles in living cultured
neurons. Thus, | was able to give a thorough description of the vesicle behavior during the
individual steps in the synaptic vesicle cycle. As one of the most important observations |
found that upon endocytosis a small pool of highly mobile synaptic vesicles is generated —
the recently endocytosed vesicles. The mobility of the recently endocytosed vesicle pool
differs heavily from the resting vesicle pool, which exhibits a low-mobility state, as
previously reported (Gaffield et al., 2006). In almost every model of synaptic vesicle
recycling the endocytosed vesicle is thought to move directly back to its original vesicle
cluster (see for example Sudhof, 2004). In contrast, | observed that the endocytosed vesicles
spend tens of minutes in a mobile state before they integrated into the vesicle cluster and
became thus immobile. Interestingly, both vesicle pools showed no change in their mobility
upon physiological stimulation. However, the vesicle mobility decreased with the inhibition
of synaptic activity, indicating that synaptic activity keeps the vesicles in a mobile state.
Finally, after transmitter release the membrane-fused synaptic vesicles were relatively slow
in their movement, which is possibly restricted by the clathrin machinery.

The here presented vesicle mobility in the synaptic vesicle cycle finally differs from the
general vesicle recycling models. Nevertheless, the recycling pathway seems to be very

simple in morphological terms. As shown by the FM photo-oxidation method in combination
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with electron microscopy a small pool of vesicles (the readily releasable vesicles) may need
to fuse with an endosomal compartment to get perfectly recycled, largely in agreement with
the literature (Heuser and Reese, 1973; Sudhof, 2004).

In contrast to conventional synapses, the non-neuronal derived sensory IHCs seem to use a
much more complex membrane recycling mechanism. As there is only little information
available on presynaptic function of IHCs and almost nothing about their vesicle recycling
pathway, the first aim was to investigate what organelles participate in vesicle recycling.
Thus, | used as well the FM photo-oxidation technique in combination with high-resolution
electron microscopy to be able to discern the labeled organelles from unlabeled ones. By
generating three-dimensional reconstructions of IHCs | showed that they primarily use
particularities for their membrane retrieval. From these cisternae then likely new vesicles are
formed and spread throughout the entire IHC. This retrieval mechanism most likely allows
these cells to compensate for their substantial vesicle release. However, upon stimulation

vesicle recycling also occurs locally via endosomal intermediates at the basal release sites.

4.1 Mobility in the Conventional Synaptic Vesicle Cycle

4.1.1 A New Model of the Synaptic Vesicle Cycle

From the presented work | generated a new model of the synaptic vesicle mobility in the
vesicle cycle of conventional synapses that is more complex compared to the classical
hypothesized one (Figure 4.1). In the following | will discuss the novel findings of the

individual stages separately.
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Figure 4.1: Models of synaptic vesicle mobility in the vesicle cycle of conventional
synapses. (A) Model of vesicle motion as proposed in the past 40 years of synaptic research.
The vesicles in the cluster are immobile at rest (i) and move toward the AZ during
stimulation (ii). Vesicle material may diffuse in the membrane after fusion (iii) before
endocytosis brings the vesicles back to the cluster (iv). Vesicles may also move from one
cluster to another in the axon (v). (B) Model of vesicle motion generated from this work.
Resting (“mature”) vesicles are immobile (blue, i) and recently endocytosed vesicles are
mobile (red, iv). Stimulation does not affect the mobility of both vesicle states (ii). Vesicle
material may move after fusion (iii), but a substantial fraction has low mobility (iv).
Endocytosis (v) generates the recently endocytosed mobile vesicles (red, vi). Repeated
recycling keeps these vesicles in the mobile pool (vii), but eventually they integrate into the
resting vesicle cluster (viii). Both the resting and recently endocytosed vesicles move
between clusters/ synapses (ix).

The classical proposed model defines four stages in the synaptic vesicle cycle (Figure 4.1 A):
(i) the vesicles in the cluster are immobile at rest; (ii) stimulation causes the vesicles to move
towards the AZ and fuse with the plasma membrane; (iii) the fused vesicle material moves
laterally across the membrane; (iv) the vesicles get endocytosed and move back to the vesicle
cluster.

The new model from the main results of this work, however, is characterized by additional
steps in the synaptic vesicle cycle. Importantly, two sorts of vesicles are involved. The resting
vesicles (blue) are immobile (i) — with the low-mobility state as previously reported (Betz
and Bewick, 1992; Ryan et al., 1993; Gaffield et al., 2006), and the recently endocytosed
vesicles (red) with a high-mobility status (vi). Since recycling vesicles and resting vesicles
are intermixed within the synapse (hippocampal cultured neurons (Schikorski and Stevens,
2001); frog NMJ (Rizzoli and Betz, 2004)) the actual “mission” of the resting vesicles
remains unknown, even though resting vesicles are docked at the AZ and can exocytose
under non-physiological stimulation conditions (Rizzoli and Betz, 2004). However,
physiological stimulation (ii) does not affect both vesicle pools in contrast to the classical

model. A possible explanation for this is that the mobile vesicles are already in a high-
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mobility state that enables them to easily reach the AZ, and thus, stimulation would only
affect their fusion ability and not their motion behavior. Another explanation is that the
resting vesicles located at the AZ will simply collapse (fuse) into the membrane without a
detectable change in vesicle movement. The finding that resting vesicles are docked at the
AZ in hippocampal neurons is in agreement with the findings that of the totally 10-20 docked
vesicles (Schikorski and Stevens, 2001) on average only around one vesicle fuses per action
potential (Hanse and Gustafsson, 2001; Gandhi and Stevens, 2003). Additionally, while
antibody labeling used here targets only a small population of vesicles — the surface pool
(~30 vesicles (Fernandez-Alfonso et al., 2006)) — it is difficult to predict how many of them
will certainly be docked at the AZ and thus would eventually report a stimulation-induced
change in mobility.

Interestingly, the different mobility states have also been found at the frog NMJ where
recycling vesicles were mobile at rest and only the resting (reserve) pool vesicles were
immobile (Gaffield et al., 2006). Moreover, the mobility state of the recycling vesicles never
changed upon stimulation, but the mobilization of the resting vesicles increased during strong
stimulation. | never tested the effect of non-physiological stimulation on resting vesicles.
However, STED imaging also reported no change in the mobility of recently endocytosed
vesicles with prolonged high potassium stimulation (Westphal et al., 2008).

Most of the presented studies were performed at RT. However, one study of Gaffield and
Betz showed that in the frog NMJ the vesicle cluster is immobile at RT, but vesicle mobility
increased substantially with the rise to physiological conditions (Gaffield and Betz, 2007).
Moreover, they observed no change in vesicle mobility after disturbing the actin cytoskeleton
with Latrunculin (Gaffield and Betz, 2007). This is in disagreement with the presented STED
data on cultured neurons, which point to a partial involvement of active transport
mechanisms in vesicle motion. Unfortunately, in this work the cytoskeleton was never totally
disrupted by using both Latrunculin against actin and nocodazole against microtubules at the
same time. Since actin is present in the synapse and tubulin in the axon, both drugs together
would block all motor-driven movements. Thus, it would be of interest whether under these
conditions vesicle motion is completely inhibited.

Interestingly, the inhibition of synaptic activity by TTX decreased the mobility of recently
endocytosed vesicles (Figure 3.11), which is the first time that mobility is directly linked to
synaptic activity. The result indicates a faster cluster integration of the vesicles in absence of
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synaptic activity (viii), and suggests that synaptic activity maintains the vesicles mobile.
Moreover, one can conclude that the process of cluster integration (maturation, see below),
which may usually occur within the timescale of minutes to hours is activated more rapidly
with synaptic inactivity (viii).

After vesicle fusion, the vesicle material moves across the plasma membrane (iii) as it is also
hypothesized in the classical model. | found that the vesicle material resided in a low
mobility state (iv) and that it moved partially out of the synapse. Other groups have shown
that the vesicle identity gets lost upon vesicle fusion, with the dispersion of vesicle molecules
in the plasma membrane and their intermixing with other “stranded” proteins
(Sankaranarayanan et al., 2000; Li and Murthy, 2001; Fernandez-Alfonso et al., 2006;
Wienisch and Klingauf, 2006). However, | showed that the fused vesicles do not move faster
than the recently endocytosed vesicles (under control conditions). The finding indicates that
the surface exposed synaptotagmin proteins are not diffusing freely, but presumably remain
in multi-molecular patches as demonstrated before (Willig et al., 2006). Moreover, a
comparative STED analysis of fused native vesicle proteins (synaptotagmin, synaptophysin,
VGAT) versus fused GFP-tagged ones (pHIuorins) as used in the above-mentioned studies
(synaptotagmin-citrine, synaptophysin-pHIluorin and synaptobrevin-pHluorin) showed that
the native proteins have a clustered distribution in contrast to the GFP-tagged proteins that
disperse in the plasma membrane (Opazo et al., 2010). Only with high frequency stimulation
the native synaptotagmin protein diffuses out of the boutons, but it recycles locally at
physiological stimulations. The synaptotagmin patches (Opazo et al., 2010) may also contain
other synaptic vesicle proteins as synaptotagmin forms a complex with other vesicle
transmembrane proteins in vitro (Synaptophysin and SV2 (Bennett et al., 1992b)). And, as
demonstrated here with live STED imaging, several low-mobility spots were present on the
plasma membrane, which largely contradicts a free-diffusion model. This would only exist if
the molecules are dispersed in the membrane after fusion. In addition, the fused vesicle
material is to some extent associated with the clathrin machinery (Figure 3.15), favoring the
movement in clathrin-coated pits of a multi-molecular protein cluster. Finally, the free-
diffusion model can only be accepted when the fused vesicle material would continuously
enter the imaged area, which was not the case (Figure 3.14). Taken together, the fused vesicle
material is not moving as individual molecules, but moves most likely in multi-protein

clusters of low-mobility that are targeted by the clathrin machinery. To have the vesicle
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material accumulated in low-mobility clathrin-coated membrane pits has the advantage that
the material could get rapidly endocytosed upon stimulation (Gandhi and Stevens, 2003).
Such an action potential triggered retrieval mechanism would only occur if the vesicle
material is located at endocytosis sites, which was indeed observed as “hot spots” in the sum
images of all three conditions, representing the preferred locations for vesicle retrieval
(BWSV, caffeine, control, Figure 3.13). The increase in fused vesicle mobility after BWSV
or caffeine treatments is likely the result of vesicles that are not captured during the formation
of the clathrin-pit, because generally after extensive stimulation the vesicles may escape the
clathrin mechanism (Miller and Heuser, 1984).

After endocytosis (v) the vesicles are affiliated to the recently endocytosed vesicle pool and
exhibit a high-mobility state (red, vi), especially when compared to the resting vesicle pool.
This observation is entirely in agreement with the findings of Gaffield and colleagues (2006),
who demonstrated that, unlike the resting pool, the recycling pool of the frog NMJ is mobile
(Gaffield et al., 2006). Interestingly, all models of vesicle recycling hypothesized so far that
the endocytosed vesicle will move back to the vesicle cluster as a bona fide synaptic vesicle
(see for example Sudhof, 2004). This process would be finished after a few minutes.
However, the presented results here point towards a different mechanism, where the vesicles
remain in a high-mobility state for a significant amount of time (tens of minutes at RT),
before they lose their mobility upon the incorporation into the vesicle cluster (viii). The
advantage of the extended high-mobility state allows repeated recycling of the vesicles,
which in turn would remain in the mobile recycling pool (vii). Nevertheless, at some point
(after minutes to hours) they eventually “mature” and become affiliated to the resting vesicle
cluster (viii). It is the first time that a change in vesicle mobility has been observed after
endocytosis.

Both the immobile resting vesicles and the mobile recently endocytosed vesicles exchange
between neighboring vesicle clusters (ix). These findings are in agreement with many
previous studies, which demonstrated the exchange of recycling vesicles between release
sites using FM dye loading (Darcy et al., 2006; Staras et al., 2010). These observations were
complemented with the results of pHIuorin experiments, which showed that also the resting

vesicles exchange between neighboring synapses (Fernandez-Alfonso and Ryan, 2008).

108



4.1.2 Changes in Vesicle Mobility

One of the most important findings of this work is the change in vesicle mobility. “How” can
the changes in vesicle mobility take place over time, or what makes the vesicles become
stationary and fixes them in place?

First of all, the pool allocation of the synaptic vesicle is rather non-permanent in the vesicle
lifetime, as the endocytosed vesicles become resting vesicles after a specific period of time.
The process from the recently endocytosed mobile state to the cluster integrated resting state
can be termed as “maturation”. Recycling vesicles may maintain their affiliation by releasing
once in a while, but will finally “mature” to attain the resting status. In contrast, the resting
vesicles cannot themselves switch to the recycling status. The resting vesicles that are docked
at the AZ can become recycling vesicles upon fusion and their subsequent endocytosis. Thus,
they will refill the recycling vesicle pool, which loses vesicles by cluster-integration.
Consequently, the resting pool status is the final stage of this maturation process, with
endocytosis being the first step. The resting vesicles are therefore termed mature vesicles in
this model, and simply represent the “older” vesicles.

Secondly, the maturation from the recycling status to the resting status indicates that a
molecular change of the vesicles may drive their mobility restriction. The most likely
molecular anchor is the vesicle cross-linking protein synapsin. As reviewed in the
Introduction the vesicle-associated protein synapsin binds to both actin and synaptic vesicles,
and cross-links especially the resting pool (Pieribone et al., 1995). It is hypothesized that
vesicle clustering depends on the phosphorylation status of synapsin. Dephosphorylation of
synapsin immobilizes the synaptic vesicles at rest by binding them to each other and to actin
(Hirokawa et al., 1989; Siksou et al., 2007). Synaptic activity results in its phosphorylation.
Phosporylated synapsin binds off the vesicles, moves into the axon (Chi et al., 2001), and
consequently regulates synaptic vesicle mobility (Fernandez-Busnhadiego et al., 2010). This is
in agreement to the finding that synapsin is absent from fused vesicles (Torri Tarelli et al.,
1992; Bloom et al., 2003).

Furthermore, it has been shown that the knockout of all neuronal synapsin genes (triple
knockout) results in altered synaptic transmission, in the decrease of the pool of resting
vesicles (Gitler et al., 2004), and a reduction of recycling pool vesicles (synapsin | knockout

(Ryan et al., 1996)). It also has been shown that the vesicles in the cluster are still tethered by
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other filamentous structures (Siksou et al., 2007). Moreover, the vesicle mobility, as observed
from FRAP experiments on motor nerve terminals, is identical in synapsin wildtype and
triple knockout mice (Gaffield and Betz, 2007). Taken together, one could hypothesize that
the vesicles become unleashed from synapsin during or after exocytosis, and the recently
endocytosed vesicles would be free of it and therefore mobile. As long as the vesicles exhibit
a synapsin-free status, or bind just a minor amount of synapsin molecules, they remain in the
high-mobility state (a synaptic vesicle contains ~8 copies of synapsin (Takamori et al.,
2006)). The vesicle will lose its mobility with increasing synapsin association as it gets
“glued” by synapsin onto the resting vesicle cluster. However, synapsin alone does not
necessarily account for the vesicle cross-linking (Siksou et al., 2007); it may only be the
initiator of the clustering process by acting as the molecular anchor, which starts the vesicle
stabilization process onto the resting cluster.

4.1.3 The Importance of Mobile Vesicles

In the presented work | demonstrated that synaptic vesicles exhibit high- and low-mobility
states in the vesicle cycle. Low-mobility values of the vesicle cluster have already been found
in the past; however, vesicles with a high-mobility state have only been observed after non-
physiological treatments (e.g. okadaic acid treatment). The importance of mobile vesicles can
only be surmised. The mobile recycling pool vesicles can without any difficulties reach the
AZ for repeated neurotransmission. This in turn also keeps them in the recycling pool and
thus mobile (see above). It was shown here that synaptic activity does not explicitly guide the
vesicles towards the release site, indicating that (random?) vesicle movements guarantee
reaching the AZ and the subsequent release, i.e. synaptic neurotransmission.

Furthermore, it has been hypothesized that synapses work as individual units with the
synaptic vesicles being restricted to their host synapse. This view changed as substantial
exchanges of synaptic vesicles or complete vesicle clusters between neighboring synapses
have been observed (Krueger et al., 2003; Darcy et al., 2006; Chen et al., 2008; Staras et al.,
2010). These studies all took advantage of FM dye labeling, and therefore investigated only
the movements of recycling vesicles. However, it has also been shown that resting vesicles
are shared between synapses (pHluorin experiments from Fernandez-Alfonso and Ryan,

2008). Moreover, with an ultrastructural analysis of FM dye labeled recycling vesicles (via
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FM photo-oxidation and electron microscopy) Darcy and co-workers showed that unlabeled
vesicles colocalize with labeled recycling vesicles, possibly belonging to moving vesicles of
the resting pool. These results are in full agreement with the presented work, showing the
movement of both the recently endocytosed and the immobile resting vesicles along the axon,
and their integration into pre-existing vesicle clusters at neighboring release sites. The
substantial lateral exchange of both the recycling pool vesicles and the resting pool vesicles
across neighboring release sites can in principle represent an additional multi-synapse vesicle
pool. This extra-synaptic pool was previously named “superpool” (Westphal et al., 2008;
Staras et al., 2010). The superpool hypothesis is based on observations from recycling pool
vesicles which are dynamically exchanged with a turnover rate of >4% of the total synaptic
vesicle pool of a synapse (Staras et al., 2010). As presented in this work, between 1-3
vesicles entered the imaged area per second. Taking this observation at its lowest value, if
only one vesicle moves through a synapse, then in 3 minutes around 180 vesicles would have
passed through which equals the amount of vesicles that are housed in the synaptic bouton of
these type of neuron (Schikorski and Stevens, 1997). Furthermore, the vesicles participate
with normal kinetics in neurotransmission at their new release site (Krueger et al., 2003;
Darcy et al., 2006; Staras et al., 2010), indicating that the synapses of the nerve cell are
intensely inter-linked.

Consequently, one can assume that the mobile superpool vesicles may be simply an
additional supporting reserve pool that helps to sustain neurotransmission at individual
release sites - the vesicles travel across multiple boutons and (where necessary) they fuse or
integrate into the existing vesicle cluster. However, the resting vesicles are also shared
between synapses (Fernandez-Alfonso and Ryan, 2008). Thus, it is questionable whether the
exchange of recycling vesicles and resting vesicles is used for distinct purposes. In general,
as vesicles disappear or get incorporated in the vesicle clusters the exchange may balance the
vesicle populations of the inter-linked synapses over a longer period (Darcy et al., 2006).
What would cause the release of the resting vesicles from the cluster and make them move
along the axon? A simple explanation for this is missing, but some observations made clear
that additional molecules other than synapsin might be present to manage the migration from
and the entry into the cluster (as shown by additional cross-linking filaments (Siksou et al.,
2007)).
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Surprisingly, the vesicle exchange was exclusively observed in cultured hippocampal
neurons. It may thus thought to be an effect of synapse maturation or neuron development
rather than of importance for native tissues (Matteoli et al., 1992). However, one recent
investigation strengthened the superpool hypothesis as also vesicles are exchanged in
hippocampal tissue slices (Staras et al., 2010). Moreover, Shepherd and Harris performed
serial sectioning of the connection between the CA3-CAL1 hippocampus area of adult rat CNS
slices (Shepherd and Harris, 1998). Their three-dimensional reconstructions revealed loose
clusters of vesicles in the axons, indicating the existence of vesicle packages traveling
between release sites in mature neurons. Nevertheless, it is not known if vesicle exchange is
limited to the hippocampus or whether it also takes place in other parts of the CNS.

Although synaptic vesicles are shared inter-synaptically across multiple boutons, synaptic
vesicle membrane proteins are as well exchanged after strong stimulation by lateral
movements across the axonal plasma membrane (Li and Murthy, 2001). Vesicle or protein
exchange may therefore be an additional way to redistribute synaptic vesicle components
across several release sites.

Finally, not only synaptic vesicles or their components are constitutively exchanged between
neighboring nerve terminals. Also components of the cytomatrix at the AZ are transported
from one synaptic release site to the next, e.g. bassoon (Tsuriel et al., 2009), but also
synapsin 1 (Tsuriel et al., 2006). Furthermore, entire orphan release sites (fully functional
release sites formed in the absence of axon-dendritic contacts) arise from or coalesce with
stable vesicle clusters (Krueger et al., 2003). This illustrates the importance of mobile
presynaptic components for the organization and the maintenance of the functional and
structural properties of the synapse.

Taken together, individual synapses cannot be seen anymore as autonomous units, as
previously believed. Synapses are even more inter-linked with a substantial fraction of their
vesicles (recycling and resting pool vesicles) being affiliated to a common mobile

“superpool” to serve multiple release sites.
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4.2 Conclusions on Vesicle Recycling in Conventional Synapses

In conclusion, the high-resolution investigation allowed me to provide a thorough view of the
vesicle behavior during the individual steps in the vesicle cycle. Related to this | was able to
generate a new model of the synaptic vesicle cycle including new aspects on vesicle mobility.
I conclude from this work that high- and low-mobility stages are important properties for the
synaptic vesicle cycle in CNS synapses. Most important, vesicles are highly mobile after
endocytosis (recycling vesicles) and “mature” over time to become resting vesicles with a
low-mobility, indicating that their pool affiliation is non-permanent. Furthermore, besides the
different mobility states both vesicle types are exchanged between release sites and are thus
affiliated with an extra-synaptic “superpool”. In most experiments the surface pool of
synaptotagmin, belonging to the pool of “stranded” vesicles was selectively labeled. This
pool participates actively in vesicle recycling as shown before (Gandhi and Stevens, 2003;
Wienisch and Klingauf, 2006; Willig et al., 2006). Moreover, the surface pool exhibits a low-
mobility state, as it moves partially in clathrin-coated pits of multi-molecular protein clusters.
Thus, | hypothesize that the vesicle material likely recycles via clathrin-mediated
endocytosis. On the morphological basis the recycling pathway is characterized by the
involvement of an endosomal-like compartment. However, as the vesicles usually do not lose
their identity after fusion (Willig et al., 2006; Opazo et al., 2010) they may not need an
endosomal sorting step and could be retrieved as a fusion-competent synaptic vesicle.
Nevertheless, the RRP vesicles undergo repeated recycling more often than other vesicles and
may therefore need an intermediate sorting step.
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4.3 Vesicle Recycling in the Sensory Synapse

4.3.1 Conclusions on FM Dye Labeling of Inner Hair Cells

It was hypothesized that FM dyes enter the hair cells via endocytosis at the apical pole. The
labeled vesicles would then move down, fuse with the Golgi complex from which new
vesicles are transported to the basal pole to refill the vesicles at the ribbon synapse
(Griesinger et al., 2002; Griesinger et al., 2004; Griesinger et al., 2005). In contrast, it has
been observed that FM dyes block the mechanotransduction channels at the stereocilia, and
thus it has been concluded that FM dyes permeate non-selectively through these channels and
label all membranes inside the hair cell (Gale et al., 2001; Meyers et al., 2003). As it was the
aim of this work to investigate vesicle recycling in IHCs it was of high interest to solve the
FM dye controversy.

| used various styryl dyes and other lipophilic dyes and observed the same labeling behavior
on the cochlear IHCs of the mouse as shown before (Figure 3.18). However, finally | could
show that FM-based IHC labeling is identical on aldehyde fixed and thus dead IHCs (Figure
3.19). | therefore conclude that the substantial FM dye labeling inside the IHCs is not due to
endocytosis, but rather mediated by a non-selective permeation through channels. Whether
they do so through the mechanotransduction channels of the stereocilia (Gale et al., 2001;
Meyers et al., 2003; Crumling et al., 2009) or via other apex located receptor channels
remains unknown (e.g. ATP-gated ion channels (P2X receptors) (Glowatzki et al., 1997;
Meyers et al., 2003; Crumling et al., 2009)). The attempt to block those channels with diverse
chemical treatments failed as possibly these dyes permeate more than one type of channel
(see also Appendix).

Taken together, | conclude that the rapid appearance of FM fluorescence within the apical
part of the IHCs is not mediated by endocytic processes, but rather by non-selective entry
through ion channels. Nevertheless, | do not per se rule out that endocytosis takes place at the

apical pole.
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4.3.2 Vesicle Mobility in Sensory Synapses

Since vesicle live-labeling in IHCs fails with general labeling techniques used on
conventional synapse | can only discuss reported findings from the literature on this topic. In
the ribbon-type synapse of retinal bipolar cells the vesicles were found to be highly mobile
throughout the whole terminal, which is largely in contrast to conventional synapses (Holt et
al., 2004). FRAP experiments in ribbon-type cone photoreceptors revealed high recovery
values, showing that also in these cells a highly mobile vesicle fraction exists (Rea et al.,
2004). Their movement was also unaltered after actin cytoskeleton disruption, which is in
agreement with the findings on mouse motor nerve terminals (Gaffield and Betz, 2007), but
in disagreement with the presented results on cultured neurons. Likewise, cytoskeleton
disruption had also no effect on the rate of exocytosis during sustained stimulation or the
refilling of the RRP vesicles at the ribbon, indicating that active transport mechanisms do not
play a role in vesicle movement and release (Holt et al., 2003). Moreover, synapsin, the
vesicle cross-linking protein in conventional synapses, is absent in most ribbon-type
synapses, which may explain the high mobility (Mandell et al., 1990). Nevertheless, some
cross-linking structures are present in ribbon synapses that dock the vesicles to the ribbon
(Lenzi et al., 1999).The treatment of ribbon type goldfish bipolar cells with the phosphatase
inhibitor okadaic acid surprisingly slowed the movement of vesicles, suggesting that their
mobilization mechanism differs from that in conventional synapses (Guatimosim et al.,
2002). The recently endocytosed mobile vesicles of cultured neurons as shown here are also
free of synapsin, and thus, likely comparable to the mobile vesicles of ribbon synapse (Bloom
et al., 2003). Similar findings have been obtained from FM dye experiments on ribbon-type
cone photoreceptors of the lizard where vesicles appear to diffuse freely in the cone terminal,
with diffusion coefficients as high as from vesicle-like spheres in solution (Rea et al., 2004).
However, the vesicle motion in cone terminals was still 10 times faster than in the retinal
bipolar cells. Moreover, these cells may have no resting pool as even after 1 hour 87% of the
FM labeled vesicles are still mobile (Rea et al., 2004). Holt and colleagues calculated that the
large amount of mobile vesicles in the cytoplasm (~300000) would cause ~900 collisions per
second against the ribbon. This calculation indicates that the high vesicle mobility would
guarantee ribbon refilling, and thus high neurotransmission over long periods (Holt et al.,
2004).
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Whether the vesicles of the IHCs are also highly mobile remains unknown. However, as also
the IHCs lack the cross-linking protein synapsin, this might indeed the case (Lenzi and Von
Gersdorff, 2001).

Taken together, the ribbon-type synapses host large amounts of highly mobile vesicles to
sustain their enormous needs of vesicle release. Compared to conventional synapses the
vesicles of the ribbon synapse could be readily affiliated to a “superpool” of conventional

synapses (i.e. they are mobile and very numerous).

4.3.3 Vesicle Recycling in Cochlear Inner Hair Cells

As it was presented above vesicle recycling studies on IHCs in vivo failed due to the
disability of vesicle staining. Therefore, | used the FM photo-oxidation method in
combination with high-resolution electron microscopy to investigate the steps involved in
vesicle recycling in IHCs. In the following I will give a detailed description of the findings:
First, | found that indeed apical endocytosis takes place and observed that large and small
organelles do exist (Figure 3.22). However, the amount of incorporated FM dye at the apex
was for all IHCs relatively low and does not reflect the major membrane retrieval site.
Second, | found that also at rest conditions (zero calcium) vesicle retrieval occurred, even
though vesicle recycling was blocked at efferent synapses (Figure 3.22). Third, stimulation
did not increase the amount of apical labeled organelles, however, more labeled organelles,
mostly larger in size were present at the basal pole (Figure 3.29 and Figure 3.38). Fourth, the
most important finding, in both the non-stimulated (Figure 3.28) and the stimulated IHCs
(Figure 3.29) the majority of FM labeled organelles was located at baso-lateral sites and
appeared as large elongated cisternae (Figure 3.28 and Figure 3.29). Fifth, after 5 minutes
rest no cisternal compartments were present. However, high frequencies of small synaptic-
like vesicles existed at the baso-lateral sites (Figure 3.30). Sixth, after 30 minutes rest
synaptic-like vesicles were dispersed throughout the entire cytoplasm of the IHC with a lower
density than in the 5 minutes rest IHC (Figure 3.31).

My observations can be explained with the help of a relatively simple model of vesicle
recycling (Figure 4.2). The endocytosed organelles at the apex were found in all four IHCs,
suggesting that they presumably play a minor role for compensatory vesicle recycling. Their

further role remains unknown and needs to be clarified. FM photo-oxidation studies on hair
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cells of the lateral line organs of Xenopus larvae have also revealed apical labeled organelles
and it has been suggested that they represent endosomes (Nishikawa and Sasaki, 1996).
However, the major location of membrane recycling occurred at the baso-lateral site via large
elongated cisternae. They may represent bulk membrane retrieval that is known from other
synapses mostly appearing during intense stimulation (Clayton et al., 2007). In parallel to a
rapidly recycling pathway of small vesicles Richards and colleagues for example showed in
the frog NMJ a slower one that retrieves the membrane via large infoldings from which
cisternae get internalized (Richards et al., 2000). Such bulk retrieval has also been observed
in terminals of ribbon-type bipolar retina cells after prolonged stimulation (Holt et al., 2003;
Holt et al., 2004). New vesicles were slowly generated from these deep membrane
invaginations, or the entire infolding was retrieved as a cisterna. However, cisternae have
been rarely detected in resting terminals, although they have also been found in saccular hair
cells of the frog and the goldfish (Hama and Saito, 1977; Lenzi et al., 2002). Moreover, the
latter study reported that the cisternae have their origin in tubular invaginations of the plasma
membrane.

My work also revealed the involvement of larger organelles (cisternae) in both the stimulated
and the non-stimulated IHCs. However, with stimulation larger labeled organelles were more
abundant at the basal site, likely indicating endosomes, similar to the work of Paillart and
colleagues on isolated bipolar neurons of the goldfish retina. They used cationized ferritin
and stimulated either briefly or with higher intensities. Positive ferritin-labeled larger
endosomal organelles were in both conditions substantially more abundant compared to the
low amount of small 30 nm vesicles (Paillart et al., 2003).

What mechanism is accountable for the proper membrane retrieval in sensory cells — is
clathrin involved in this process? In saccular hair cells of the goldfish Hama and Saito have
shown evidence for the involvement of clathrin-coated vesicles in the recycling process
(Hama and Saito, 1977). Furthermore clathrin-coated pits and coated vesicles were also
found close to the ribbon-type AZs of cochlear hair cells of gerbils and chinchillas (Siegel
and Brownell, 1986). In contrast, the bipolar terminals of the retina did not reveal a clathrin-
mediated vesicle retrieval mechanism (Paillart et al., 2003). This would be in agreement with
the results of Heidelberger who observed that blocking dynamin fission in these synapses
does not disturb endocytosis (Heidelberger, 2001). In contrast, in conventional synapses and

NMJs clathrin-mediated budding has been reported to be essential for vesicle retrieval from
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cisternae (Takei et al., 1996; Teng and Wilkinson, 2000). Nevertheless, it remains unknown
what molecules participate in the invagination and fission of the cisternal membrane. In this
work | showed by generating three-dimensional IHC reconstructions that new vesicles were
generated from the cisternae. Whether clathrin is involved in this step needs to be clarified.
After 30 minutes the recycled vesicles were dispersed throughout the entire cytoplasm, where
they probably mix with the non-recycled vesicles as it has been shown for the bipolar nerve
terminal (Paillart et al., 2003; Holt et al., 2004) and the gerbil cochlear hair cells and may
also refill the vesicles at the ribbon synapses (Siegel and Brownell, 1986). Finally, there is no
direct evidence from this work that the Golgi complex is involved in membrane recycling as
proposed before (Nishikawa and Sasaki, 1996; Griesinger et al., 2005)).

In contrast to my findings the above-mentioned studies showed that membrane retrieval
appears near the ribbon-type active zones. However, for the large IHCs it seems reasonable to
separate the substantial membrane retrieval from the location of the ribbon synapses.
Essentially, two arguments would favor the spatial separation between release and retrieval
sites. First, the cisternae occupy large areas far away from the release sites and appear to
dissipate into small organelles locally. Second, it was shown at the bipolar retina synapse that
the pool of cytoplasmic vesicles and not the recycled ones replenish the vesicles at the ribbon
(Holt et al., 2004). This suggests that the separation of both sites allow the free dispersion of
the new formed vesicles within the cytoplasm, and in turn enables the free movement (see
above) of the cytosolic vesicles towards the basal located ribbon-type active zones. This
hypothesis is supported by the findings of FM photo-oxidation studies on hair cells of the
lateral line organs of Xenopus larvae (Nishikawa and Sasaki, 1996). Nishikawa and Sasaki
also found tubular structures at baso-lateral sites and small vesicles close to the synaptic
ribbon at the basal part. Thus, vesicle replenishment and consequentially neurotransmission
at the IHC ribbon synapses may be perfectly guaranteed by free vesicle movements (see
above) (Holt et al., 2004).
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Figure 4.2: Model of vesicle recycling in cochlear IHCs generated from FM photo-oxidation
and three-dimensional reconstructions. Vesicle recycling occurs at various parts of the IHC.
At the apex large and small organelles are endocytosed (independent of stimulation). The fate
of these organelles is unknown. Large elongated cisternae are used to recycle massive
amounts of membrane at the baso-lateral side. Their endocytic origin is unidentified, but they
may be connected to the cell membrane. Small vesicles are generated from the cisternae and
dispersed throughout the IHC. Vesicle recycling also takes place at the basal pole near the
locations of the release sites. High neurotransmission rates (stimulation) lead to the formation
of larger round organelles, reflecting most likely endosomal intermediates from which
vesicles are generated (identical to the classical model of vesicle recycling (Heuser and
Reese, 1973)).

In parallel to the major vesicle recycling at the baso-lateral site recycled organelles appeared
at the basal pole. However, here only small synaptic-like vesicles and larger round and
elliptic organelles were present (Figure 3.38). These results are in agreement with the above-
mentioned FM photo-oxidation studies from Nishikawa and Sasaki who also showed
evidence for parallel retrieval pathways in hair cells. They observed as well small labeled
vesicles at the basal part coexistent to apical endocytosed organelles and tubular structures at
the baso-lateral site (Nishikawa and Sasaki, 1996). As here the larger round and elliptic
organelles were more abundant after stimulation suggests that they may represent endosomal

intermediates from which new vesicles are generated (compare to Paillart et al., 2003). The
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basal retrieval mechanism therefore corresponds to a local recycling pathway, which is in
agreement to the retinal bipolar cells (Holt et al., 2003; Paillart et al., 2003), and furthermore
to the classical recycling pathway in conventional synapses (Heuser and Reese, 1973).
However, the question of why sensory IHCs do require cisternae for recycling remains.

A possible explanation comes along with the concept of the graded receptor potential of
cochlear ribbon synapses used for neurotransmission. IHCs can release hundreds of vesicles
per second over extended time periods (Beutner et al., 2001; Nouvian et al., 2006). As a
consequence, the local recycling machinery is likely overwhelmed with the substantial
amount of vesicle material that is added to the plasma membrane. Therefore, the IHC
invaginates the excessive membrane in form of cisternae akin to a conventional synapse after
strong stimulation (bulk retrieval). From these large membranes new vesicles can be
generated more slowly. In that way, the bulk uptake may maintain the hair cells structural
plasticity, as also proposed for the retinal bipolar cell (Holt et al., 2003).

Thus, | conclude that the IHCs use cisternae as a slow compensatory recycling route to
constantly retrieve the vesicle material that is added to the plasma membrane (due to the
continuous transmitter release at high rates). The endosomes at the basal pole therefore

reflect a fast recycling pathway, which is only activated upon stimulation.

4.4 Conclusions on Vesicle Recycling in Cochlear Inner Hair Cells

Synaptic vesicle recycling in the model system of a sensory synapse, the cochlear inner hair
cell is different from that of a conventional synapse. While the conventional synapse is under
physiological conditions characterized by a local clathrin-mediated retrieval pathway, the
IHCs use a variety of recycling organelles. | found that several classes are involved in the
vesicle recycling process, which is largely in contrast to conventional synapses. Thus, |
conclude that the basic mechanisms of vesicle recycling in conventional and sensory
synapses are related, but that sensory synapses, and especially IHCs contain particularities
(cisternae). The IHCs likely form deep infoldings to compensate for the large increase in the
surface area from the continuous transmitter release. Therefore, the cisternae may reflect the
necessity of the much stronger membrane recycling in IHCs compared to conventional
synapses. In parallel to the slow recycling pathway by cisternea, a fast retrieval mechanism

exists at the basal pole, which is only activated upon stimulation.
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5 Outlook

5.1 Conventional Synapses

In this work | demonstrated that STED microscopy has the power of dissecting single
synaptic vesicles in vivo using video-rate imaging. The resolution of the vesicles was limited
to approximately 60 nm by the STED laser power, increasing the resolution by a factor of
around 18 compared to confocal imaging. To further increase the resolution one could use
higher STED laser power, but this would in turn substantially enhance photobleaching, which
was already the case with the used settings. In addition, higher STED laser power would
cause problems in collecting enough emitted photons from the reduced effective focal spot,
and consequently, in separating the moving vesicles from background noise. Related to this,
the fluorescent dyes and laser technologies need to be improved in parallel to reliably
enhance resolution. Moreover, STED lasers with continuous wave beams would excite the
fluorophores continuously, and thus allow for capturing more photons. Consequently,
imaging of weaker signals, as well as imaging/ scanning with higher speeds over the sample
would be possible. During this work it has been shown that STED with continuous wave
beams can be applied to video-rate imaging on conventional synapses (Lauterbach et al.,
2010).

However, as the resolution of the microscopes will presumably at some point achieve the size
of proteins and antibodies, labeling methods need to be revisited. A gigantic primary and
fluorescently-tagged secondary antibody complex used in immunofluorescence imaging
would hinder the precise colocalization of two in principle exactly colocalizing proteins as
their fluorophores could be separated some tens of nanometers.

In addition, protein colocalization studies would also need two-color STED imaging, which
was already demonstrated for fixed cells, but awaits its application on living samples
(Donnert et al., 2007). The application of a multi-color STED microscope with the ability of
video-rate imaging would allow the investigation of the two vesicle pools simultaneously and
would by far expand the here presented work. Questions one could address with a video-rate

two-color STED are:
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1. What can we learn on the synaptic vesicle mobility when the two different pools (such
as the recycling and resting vesicles) are investigated in parallel?
2. How do the vesicles move in relation to cellular elements like the AZ, is their

movement more directed towards the AZ upon (strong) stimulation?

Video-rate STED imaging used in this work was only performed on cultured hippocampal
neurons. As already mentioned STED microscopy is difficult to use in tissue, as it has a low
penetration depth. However, it would be of great interest to have nanoscale resolution
available for deep tissue imaging to allow vesicle mobility studies in native brain slices. One
recent study used STED two-photon laser scanning microscopy to investigate spine
morphology deep inside acute brain slices (Ding et al., 2009). By applying a pulsed two-
photon excitation laser and a one-photon STED continuous wave laser they achieved at an
imaging depth of around 100 pum a 3-fold increase in resolution compared to confocal
imaging. Nevertheless, this resolution enhancement would not be sufficient for vesicle
mobility studies as presented here.

A great advantage would be nanoscale resolution in all three dimensions in vivo. Three-
dimensional STED imaging was already performed on fixed cultured cells by the
implementation of a second STED laser, the z-doughnut. The microscope allowed nanoscale
imaging of immunostained neurofilaments with a resolution of 45 x 45 x 108 nm (Wildanger
et al., 2009). However, capturing a single image frame (10 pm?, pixel size 10 nm) takes 4
minutes — which is unfeasible for fast in vivo investigations as most biological processes are
very short lived.

Moreover, three-dimensional optical sectioning was applied to image the endoplasmatic
reticulum inside a living cell, but not at high frame-rates (Hein et al., 2008).

Another form of three-dimensional nanoscale imaging can be achieved with an iSOSTED
microscope. This technique relies on the 4Pi microscope system (Hell and Stelzer, 1992). A
4Pi microscope is equipped with two opposing objective lenses that focus into the same focal
area. The molecules in the focal spot are illuminated by both lenses, which also collect the
emitted fluorescence. Consequently, the interference of the two opposing light beams results
in the resolution increase along the optical z-axis of about 5-7 fold (Bewersdorf et al., 2006).
Since this method only increases the z-axis resolution one is still left with a poor lateral

resolution. Thus, Schmidt and colleagues combined STED microscopy with 4Pi microscopy
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(Schmidt et al., 2008). The focal spot in the resulting iSOSTED microscope thus has x,y,z-
resolution of around 40-50 nm. Three-dimensional nanoscopy was only once applied to
single synaptic vesicle investigations of fixed hippocampal cultured neurons (Wilhelm et al.,

2010), and is awaiting its application on living specimens.

5.2 Sensory Inner Hair Cells

The here presented results of membrane recycling in IHCs were achieved with high-
resolution electron microscopy of FM dye labeled and photo-oxidized preparations. The
investigations were based on morphological observations of the recycling organelles to
uncover the vesicle retrieval pathway on the single organelle level. Since vesicles in hair cells
cannot be live-labeled without difficulties with FM dyes or antibodies as used for
conventional synapses, vesicle recycling studies on IHCs in vivo are challenging (FM dyes
(Gaffield and Betz, 2006), antibodies (Kraszewski et al., 1995)). However, electron
microscopy allowed me to perform the first morphological identification of the endocytic
pathway in these cells.
Nevertheless, the data presented here needs to be strengthened by defining the properties of
the large cisternae and their vesicle budding mechanism. The next steps are therefore aimed
at investigating the protein complement of the recently endocytosed organelles (cisternae,
organelles at the apex and bottom). Related to this, correlative microscopy could be used, in
which the IHCs are stained by a fluorescent fixable marker (e.g. dextran, see Results) and
immunolabeled against proteins of interest. The preparations will then be embedded in a
plastic matrix, which can be processed in 50-80 nm thin-sections before imaging in high-
resolution STED mode and subsequently with electron microscopy (see for example
Grabenbauer et al., 2005; Watanabe et al., 2010). This would allow to characterize
simultaneously both the morphology and the protein identity of the recycling organelles.
Moreover, this technique would also allow to perform three-dimensional nanoscopy on fixed
IHCs with a resolution of less than 80 nm in all directions (Punge et al., 2008).
In general the questions one should address are:

1.Which organelles contain synaptic vesicle proteins (and are thus directly involved in

vesicle recycling)?
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2.Are proteins of the clathrin machinery (clathrin, AP2, amphiphysin) involved in vesicle
recycling (at cisternae as well as at the other recycling organelles)?

3.1Is dynamin used for the fission step of the recycling organelles?

4.Are Golgi complex or endoplasmic reticulum markers present on the recycling
organelles?

5.Do recycling organelles contain endosome markers?

Although high-resolution fluorescence microscopy techniques (such as STED) are not
applicable to study deep inside tissues STED imaging was performed on fixed IHCs with less
than 100 nm resolution at a tissue depth between 15 to 25 um (Frank et al., 2010). A great
advantage also for IHC studies would be three-dimensional optical sectioning at nanoscale
resolution, as the dimensions of an IHC are much larger compared to that of a small
conventional synapse. Finally, after finding the proper vesicle marker the application to in
vivo studies would be optimal to precisely localize the vesicle and traffic them inside the
IHC.

Recently, a pH-sensitive green fluorescent protein (GFP)-based sensors, termed pHluorin,
was introduced which allows the optical monitoring of vesicle cycling (exo-/ endocytosis)
during synaptic activity (Miesenbock et al., 1998). When the pH-sensitive GFP is tagged to a
protein domain in the synaptic vesicle lumen its GFP-fluorescence is quenched by the acidic
environment inside the vesicle (pH ~5.6). In contrast to the vesicle lumen the extracellular
space has a neutral pH at around 7.4. Vesicles that fuse with the plasma membrane during
stimulation expose their lumen to the extracellular space (to a neutral pH) and consequently
the pHIuorin fluorescence has a higher quantum yield compared to the quenched situation.
Upon endocytosis the protein gets incorporated into the lumen of the vesicle, where the
environment becomes acidic from the activity of a vesicular proton pump (ATPase) and
suppresses its fluorescence, hence the vesicles become dark again. While the so far generated
constructs of the general synaptic vesicle proteins synaptophysin (pHIuorin construct: sypHy
(Granseth et al., 2006)), synaptobrevin-2 (synapto-pHIluorin (Miesenbéck et al., 1998)), the
vesicular glutamate transporter-1 (vGlut-pHluorin  (Voglmaier et al., 2006)) and
synaptotagmin 1 (pHluoro-tagmin (Fernandez-Alfonso et al., 2006)) are all absent from
IHCs, new pHluorin variants need to be specifically generated for sensory inner hair cells.
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The expression of a pHIuorin-tagged protein in IHCs would allow in vivo-studies on vesicle
recycling to analyze exo-/ endocytosis kinetics in IHCs, as well as the mobility of fused

vesicles and the site of their retrieval.
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A. Appendix

1. Movie Legends

Movies can be found on the attached CD or downloaded from the particular web-sites as
stated below.

i. Movie Al

Video-rate STED microscopy dissects synaptic vesicle movements. Movie of single labeled
synaptic vesicles acquired at 28 frames per second in a hippocampal axon in culture. The
field of view has a dimension of 1.8 x 2.5 um. Left: first frame of the movie in confocal
mode. Middle: STED raw movie frames. Right: Gaussian filtered STED movie frames to
increase the signal-to-noise ratio (see Methods). (Movie was published in Westphal et al.,
2008 and can be downloaded at http://www.sciencemag.org/cgi/content/full/1154228/DC1)

i. Movie A2

Synaptic vesicle motion within an axon. Recently endocytosed synaptic vesicles are shown in
red (see main text for details on vesicle labeling). Mitochondria (shown in green) are labeled
by pre-incubation with 100 nM MitoTracker Green FM. STED (synaptic vesicle) frames
were acquired at 28 frames per second; after each 18 frames in the vesicle channel, two
frames in the mitochondria channel were acquired with confocal resolution. The movie can
be downloaded at http://www.cell.com/biophysj/supplemental/S0006-3495(10)00552-7

ii. Movie A3

Mobility of synaptic vesicles before and after incubation. Filtered STED movies of
preparations stained against synaptotagmin, and imaged within 5 minutes (No Incubation,
right) or after two hours of incubation (Incubation, left). Movies were acquired at 28 frames
per second. The movie can be downloaded at
http://www.cell.com/biophysj/supplemental/S0006-3495(10)00552-7
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iv. Movie A4

Influence of stimulation on vesicle mobility. Filtered STED movies (acquired at 28 frames
per second) of preparations stained against synaptotagmin, and imaged within 10 minutes
(No Incubation) or after two hours of incubation (Incubation). After 1.3 seconds of imaging,
the preparations were stimulated at 20 Hz for 2 seconds. The movie can be downloaded at
http://www.cell.com/biophysj/supplemental/S0006-3495(10)00552-7

V. Movie A5

Influence of tetrodotoxin on vesicle mobility. Filtered STED movie (acquired at 28 frames
per second) of a preparation labeled as described and imaged after a 10-minute incubation
with 1 UM tetrodotoxin. The movie can be downloaded at
http://www.cell.com/biophysj/supplemental/S0006-3495(10)00552-7

Vi. Movie A6

Vesicle material on the surface. Filtered STED movies of preparations treated with BWSV,
caffeine or incubated shortly in absence of divalent ions, before anti-synaptotagmin labeling
and imaging at 28 frames per second. The movie can be downloaded at
http://www.cell.com/biophysj/supplemental/S0006-3495(10)00552-7
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2. Synaptic Vesicle Motion Statistics

Illustration of the median trace speed with the corresponding error bars of synaptic vesicle

motion in the different conditions from Figure 11. Each histogram consists of 20000-40000

vesicle traces.
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Figure A 1: Synaptic vesicle motion statistics. (A-D) The individual histograms from Figure
3.5 with the corresponding error bars, shown as the standard error of the mean.
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3.  Colocalization of Recently Endocytosed and Incubated
Synaptic Vesicles with Different Neuronal Markers

Primary cultured hippocampal neurons were live-labeled against synaptotagmin (shown in
red) as described in Methods, and fixed with paraformaldehyde (4% in PBS) either after a
rest period of 20 minutes at room temperature (No Incubation) or after incubation for two
hours at 37°C (Incubation). The neurons were then immunostained (after permeabilization)
against different synapse specific proteins (shown in green), including synaptic vesicle

markers or AZ markers. Imaging was done by confocal fluorescence microscopy.
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Figure A 2: Cluster integration after incubation. Colocalization of synaptotagmin live-
labeled vesicles with immunostained synapse specific proteins (AZ markers: Munc 13-1,
bassoon, postsynaptic glutamate receptors (GIuR1); synaptic vesicle markers: synapsin 1,2,
rab3) as well as with SNAP-25 (plasma membrane marker) and tubulin (cytoskeleton). Live-
labeled vesicles with anit-synaptotagmin antibodies (red) were fixed either after 20 minutes at
RT after labeling (No Incubation, left corresponding panel) or after 2 hours of incubation at
37°C  (Incubation, right corresponding panel) and then immunostained (with
permeabilization) against the specific marker proteins. Scale bar: 2.5 pm.
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4. Specificity of Synaptotagmin Antibodies Labeled with Atto647N

Monoclonal synaptotagmin antibodies (clone 604.2; Synaptic Systems) were fluorescently
labeled with Atto647N in our laboratory by conventional NHS-ester methods. The antibodies
were purified from ascites fluids by Protein-G-Sepharose binding. A low pH (2.2) eluted the
antibodies from the Sepharose, which were then coupled to the NHS-ester of Atto647N in
presence of 100 mM NaHCOs3;. The reaction was quenched with hydroxylamine. Free
Atto647N dye was separated from antibody-bound dye via a Sephadex G25 size-exclusion
column.

The antibodies lost their specificity, as a substantial fraction of the antibodies were
denaturated by the low pH treatment, and since the epitope-binding pockets were not
protected during labeling. These antibodies were termed “non-specific”. “Specific”
Atto647N-coupled synaptotagmin antibodies (same clone, 604.2) became purchasable during
this work from Synaptic Systems (Gottingen, Germany) (Figure A 3).
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Figure A 3: (A) Hippocampal cultures were incubated with the Atto647N-coupled
synaptotagmin antibodies for 15 minutes either without (left panels, control) or with a
previous incubation with unlabeled synaptotagmin antibodies (right panels, block). The
labeling with the specific antibody disappeared due to epitope masking by the unlabeled
antibodies, while the non-specific labeling was unaffected. Scale bar 10 um. (B)
Quantification of the staining. White bars: control staining. Black bars: staining after
blocking the epitopes with unlabeled antibodies. Note that the specific labeling is almost
eliminated, while the non-specific labeling persists. Means + s.e.m. are shown from 3
independent experiments, with at least 10 cells analyzed per experiment. Fluorescence
intensity was analyzed by manually selecting regions of interest, calculating the mean
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intensity, and subtracting the mean background intensity in neighboring manually selected
“empty” regions of interest.
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5. P2X-Receptor Inhibition with Suramin

| demonstrated during this work that FM dyes permeate non-selective through channels
located at the apex of cochlear IHCs, most likely through the mechanotransduction channels
as proposed by two independent groups (Gale et al., 2001; Meyers et al., 2003). Moreover,
Meyers and colleagues found that FM1-43 penetrates cells expressing other non-selective ion
channels, like the capsaicin receptor TRPV1 or the ATP-gated P2X receptor (Meyers et al.,
2003). Interestingly, the non-selective P2X receptor is specifically expressed at the apex of
mammalian cochlear IHCs (Jarlebark et al., 2000; Jarlebark et al., 2002). As a consequence
of the receptor localization FM dye could permeate through these channels in parallel to the
mechanotransduction channels. In an attempt to inhibit P2X receptor-mediated styryl dye
entry into chick cochlear hair cells, Crumling and colleagues used the pharmacological, non-
competitive P2X receptor antagonist suramin (100 uM) (Crumling et al., 2009). They
observed a block of around 85% of styryl dye signal in hair cells compared to untreated cells,
and thus concluded that FM dyes can enter through these channels.

The inhibition of apical located channels would possibly allow the application of FM dyes for
vesicle recycling studies in vivo. To test for this | repeated the suramin experiments of
Crumling and colleagues on cochlear IHCs of the mouse. After 5 minutes of pre-incubation
in 100 uM suramin (Sigma-Aldrich) in standard HBSS the organ of Corti was incubated for 1
minute in 5 uM FM1-43 dissolved in standard suramin-containing HBSS (100 uM). After
washing with normal suramin containing HBSS the IHCs were imaged using confocal optics
(with the same setup as for normal FM1-43 imaging; see Methods). Interestingly, | got
similar results as shown for the chick cochlear hair cells, namely that almost no FM

fluorescence appeared inside the IHCs with normal imaging (Figure A 4).
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FM1-43 + Suramin [100 pM] FM1-43 + Suramin [100 pM]
4x Frame-Accumulation

Figure A 4: Effect of the P2X receptor antagonist suramin on FM1-43 entry into cochlear
IHCs. FM1-43 fluorescence is almost non-detectable in normal scanning mode (left image;
microscope setup adjusted as for FM1-43 imaging of untreated IHC). Little fluorescence is
detectable when imaging with multiple frame-accumulation (4x, right image). Scale bar: 10
um.

However, a careful comparison to control images (Figure 3.17 and Figure 3.18) revealed that
also no FM fluorescence signal of neighboring cells or of the stereocilia was observable. A
closer view on the FM1-43-suramin dilution revealed that suramin changed the color of FM1-

43 from orange in normal HBSS to pink in suramin-containing buffer (Figure A 5A).
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Figure A 5: Interaction of FM1-43 with suramin. (A) FM1-43 has an orange-colored
appearance in standard HBSS buffer (left). Suramin changed the FM1-43 color to pink
(right). (B) The molecular structure of suramin exhibits six sulfonate groups, which make this
component a highly negatively charged molecule (the molecular structure of suramin was
downloaded from the homepage of Sigma-Aldrich
http://www.sigmaaldrich.com/structureimages/17/mfcd00210217.gif (downloaded
05.02.2011, 2:07 pm)).

The color change likely occurred from the interaction of the highly negative charged

sulfonate groups of suramin with the positive charged head group of the FM1-43 molecules
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(Figure 2.2).

Spectrophotometer experiments were aimed at analyzing the emission and excitation spectra
of FM1-43 in presence or absence of suramin. 1.8 ml of a 2 um FM1-43 dilution (in H,0)
were added to a quartz cuvette (10 mm width) under constant stirring. 200 pl of a 1 mM
suramin stock (final concentration 100 uM) or 200 ul H,O (control) were added. A spectrum
measurement of dye excitation was performed by measuring dye fluorescence at 570 nm
(2.5 nm bandwidth; (Henkel et al., 1996a)) over a broad range of excitation wavelength
between 300 and 550 nm (2 nm increments; integration time 1 second). Dye emission was
measured over a broad range of wavelength between 480 and 700 nm (2 nm increments;
integration time 1 second) at a constant excitation wavelength of 460 nm (£2.5 nm
bandwidth).

Interestingly, suramin addition caused a shift in the peak excitation wavelength from
approximately 460 nm to around 530 nm (Figure A 6 A). Despite the shift in the excitation
peak, the emission wavelength of FM1-43 surprisingly showed no significant alteration of its
spectrum after suramin addition (Figure A 6 B), which demonstrates the direct interaction of
the two molecules.
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Figure A 6: Normalized excitation and emission spectra of FM1-43 in H,O and suramin.
Spectrum measurement of FM1-43 excitation under control (in ddH,0O) conditions or in 100
uM suramin (dissolved in ddH,0). (A) Emission was measured at 570 nm while the
excitation wavelength was stepwise changed (increments of 2 nm from 300 to 550 nm).
Suramin shifted the peak excitation to a higher wavelength. (B) Dye emission was measured
from 470 to 700 nm (increments of 2 nm) at a constant excitation wavelength of 460 nm.

In the next step | used cultured PC12 cells to check whether a direct suramin-dependent
change in FM1-43 fluorescence can be observed. To test for this 200 ul FM1-43 (10 uM in
PBS) was added to the cells and imaged. Next, to control for a change in fluorescence of
membrane bound FM dye an equal concentration of FM1-43 in PBS was added and imaged.
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Finally, 200 pl PBS with FM1-43 (10 uM) and suramin (100 uM) was added and several
images were captured to document possible changes.

FM1-43 stained the outer leaflet of the plasma membrane of the PC12 cells (Figure A 7). As
expected, no change in fluorescence was detected for the control. Interestingly, the addition
of FM-suramin resulted in an immediate disappearance of FM fluorescence at the periphery
of the cell cluster. Within a few seconds the FM fluorescence faded away inside the cluster
(Figure A 7, FM1-43/Suramin #1-#4).

Control FM1-43/Suramin

Figure A 7: Suramin effect on FM1-43 membrane staining. FM1-43 alone bound to the
plasma membrane of the PC12 cells, clearly visualizing the cell cluster (upper left panel). The
application of FM1-43 with suramin (100 pM) resulted in FM fluorescence decrease starting
at the periphery of the cell cluster witch reached after a few seconds the center of the cluster
(FM1-43/Suramin #1-#4). The application of only FM1-43 revealed no change in membrane
bound FM fluorescence (control). Scale bar: 40 um.

I conclude therefore that FM1-43 interacts on an ionical basis with the sulfonate groups of
suramin and consequently FM1-43 is taken of the membrane and becomes almost non-
fluorescent (as styryl dyes are only fluorescent when inserted into membranes). Suramin-
bound FM dye still has a 4-5 fold higher quantum yield compared to the unbound aqueous
form, as observed from non-normalized spectrophotometer measurements (Figure A 8),
indicating that suramin has “membrane simulative” properties for styryl dyes. However, with
the quantum vyield increasing by 700-fold in membranes, it is clear that sequestration by

suramin reduces dramatically overall FM fluorescence when applied in cellular experiments.
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Figure A 8: Non-normalized FM1-43 fluorescence spectra. Dye emission was measured
from 470 to 700 nm (increments of 2 nm) at a constant excitation wavelength of 460 nm.
Suramin-bound FM1-43 showed higher photon flux than in an aqueous environment.

Taken together, suramin application on hair cells does not inhibit FM dye permeation through
the non-selective P2X receptor channels, moreover, suramin interacts directly with the styryl
dye, which severely inhibits its native interaction with the plasma membrane and results in

the observed block of styryl dye uptake.
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6. Immunostaining of Inner Hair Cells with Anti-Otoferlin Antibodies

The correct functionality of the anti-otoferlin antibodies was tested with immunostainings
before trying to label otoferlin in vivo.

Protocol: The organ of Corti was fixed (4% PFA) for 60 minutes (30 minutes on ice then at
RT) and afterwards incubated in 100 mM ammoniumchloride for 30 minutes. After TX-100
permeabilization (3 times 10 minutes) affinity purified polyclonal rabbit otoferlin antibodies
(Synaptic Systems, concentration 0.6 mg/ml) were diluted 1:200 in PBS containing 1.5%
BSA and 0.5% and applied on the organ of Corti for 90 minutes at RT in a humidified
chamber. After washing with PBS (with 0.5% TX-100) secondary antibodies (Cy3-tagged
goat anti-rabbit) were applied in the same manner as the primaries for 60 minutes. The organ
was washed with PBS high salt and with normal PBS before finally embedding it in Dako

mounting medium. Imaging was performed using confocal optics. Figure A 9 below shows

the IHC specific staining of otoferlin.

Figure A 9: Immunostaining of IHCs with anti-otoferlin antibodies. Left transmission image,
right confocal fluorescence image. Imaging was performed with a Leica TCS SP5 confocal
microscope (Leica Microsystems), using a 63x, 1.4 numerical aperture HCX PL APO CS oil
objective. The secondary Cy3 dye was excited at 543 nm with a Helium-Neon laser and
fluorescence was detected with PMTs in the spectral range of 555-665 nm. Scale bar: 10 um
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