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ABSTRACT

During communication at chemical synapses, small neurotransmitter-filled synaptic
vesicles, housed in the pre-synaptic nerve terminal (bouton), fuse with the plasma
membrane (exocytosis) and release their neurotransmitter content into the synaptic
cleft. The fused synaptic vesicles are retrieved into the bouton (endocytosis), where they
are refilled with neurotransmitter and re-integrated into the synaptic vesicle pool for
further rounds of exocytosis (vesicle recycling). Through which pathways the synaptic
vesicles recycle has been a matter of debate for more than three decades. Here we
investigated the involvement of endosomes in the recycling of synaptic vesicles by
resorting to a variety of novel imaging approaches.

First, we generated three novel exocytosis reporters by fusing a pH-sensitive
GFP variant (pHluorin) to the lumenal domain of the early endosomal fusion proteins
Vtila, Syntaxin 13 and Syntaxin 6. We compared the recycling of these reporters
expressed in hippocampal neurons upon different stimulation paradigms and found
them to be preferentially mobilized during readily releasable pool stimulation (RRP; 20
Hz/ 2 seconds). Second, using photo-oxidation electron microscopy of FM dye-labeled
RRP vesicles, we observed a transient appearance of larger labeled organelles at 10
seconds after stimulation, indicative of endosomal fusion of endocytosed vesicles. We
next used high-resolution thin-section STED microscopy and video-rate live-STED
microscopy, to confirm that endocytosed RRP vesicles fuse with bona fide endosomes
(identified by Rab5-GFP). Interestingly, stronger recycling pool stimulation (20 Hz/2
seconds) did not seem to result in higher colocalization of vesicles and endosomes in
these experiments. Third, we used expression of soluble Syntaxin 13 fragment to block
formation of endosomal fusion complexes and therefore endosomal fusion of synaptic
vesicles. Strikingly, this perturbation resulted in a drastic ~60% decrease in RRP size,
underscoring the importance of endosomal function for the RRP. Fourth, 2-color STED
measurements indicated that synaptic vesicles persist as multi-component clusters in
the plasma membrane, while comparison of the composition of general pool and
recently endocytosed isolated synaptic vesicles revealed that endocytosis causes
retrieval of “dirty” vesicles, thus necessitating endosomal sorting.

This is one of the first studies proposing a molecular and mechanistic
determinant of RRP vesicles. We conclude that the RRP vesicles are maintained in a
highly fusion-competent state by recycling through endosomes, making them the

privileged vesicles drawn upon during physiological activity.
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1. INTRODUCTION

1.1 Pre-Synaptic Function

Neurons are specialized cells that communicate with each other and muscle cells via
cell-cell junctions, for which the term “synapse” (from the Greek ‘syn’ for ‘together’ and
the Greek ‘haptein’ for ‘to clasp’) has been coined in 1897 by the British physiologists Sir
Charles Scott Sherrington and Michael Foster (Foster and Sherrington, 1897), upon
suggestion by the classicist Arthur Woolgar Verrall (Tansey, 1997). At some synapses,
electrical impulses are propagated electrotonically; ions simply flow from the cytosol of
the pre-synaptic cell to the cytosol of the post-synaptic cell via gap junctions (electrical
synapse). Electrical synapses are typically found where high transmission speeds are of
utmost importance, as for example in escape reflexes or in the retina of vertebrates. The
high transmission speeds that can be achieved via gap junctions are also advantageous
when synchronized activity of multiple cells is required: communication via electrical
synapses can maintain synchronous firing of several neurons, and cardiomyocytes
connected by gap junctions facilitate the simultaneous contraction of the heart muscle.
Despite these important occurrences of electrical synapses and gap junctions, an
indirect way of transmission is encountered much more often and takes place at the
chemical synapse. (as detailed below; Kandel et al., 2000).

In the following sections, I will first cover the transmission at the chemical
synapse in more detail, including molecular interactions required for exocytosis; 1 will
then explain how the small membrane-bounded organelles characteristic for the
function at the chemical synapse are recycled in the pre-synapse, followed by a
discussion of what is known about the diversity of these organelles and the relevance of

these differences.
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1.1.1 Neurotransmitter release at the chemical synapse — exocytosis

In comparison to the communication via gap junctions at electrical synapses, the
processes at chemical synapses are characterized by disproportionately more complex
mechanisms. The gap junctions, which allow direct passage of ions between cells and
which are so characteristic for the electrical synapse, are not found at chemical
synapses. The distinctive element of chemical synapses instead, is a specialized
intracellular organelle termed “synaptic vesicle”. Synaptic vesicles are small,
neurotransmitter-filled, spherical organelles (~42 nm in diameter; Takamori et al,
2006) surrounded by a bilayer of lipid membrane that are housed in the pre-synaptic
nerve terminal. As will be explained below, the synaptic vesicles fuse with the plasma
membrane (exocytosis) at a specialized site of the pre-synaptic nerve terminal (active
zone) and release their neurotransmitter content into the extracellular space that
separates the pre- from the post-synaptic cell (synaptic cleft), so that the
neurotransmitter can bind to post-synaptic surface receptors and elicit an electric
response. Matching the importance and specialization of synaptic vesicles, they exhibit a
unique lipid composition (in molar amounts: 40% cholesterol, 22%
phosphatidylcholine, 14% phosphatidylethanolamine) and they are literally packed with
numerous trans-membrane proteins and membrane-associated proteins (Takamori et
al,, 2006), several of which are directly or indirectly involved in mediating the fusion of

the synaptic vesicles to the plasma membrane.

1.1.1.1 Synaptotagmin — a calcium sensor for vesicle fusion

Arrival of an action potential at the pre-synaptic nerve terminal causes voltage-
dependent calcium channels in the pre-synaptic membrane to open, leading to a local
increase in calcium ion concentration from the high nanomolar to low micromolar range
(Alberts, 2002; Randall et al., 2002). This rise in available calcium ions is sensed by an
integral synaptic vesicle protein, Synaptotagmin I (Matthew et al., 1981; Perin et al,,
1990). In rodents and humans, the Synaptotagmin family consists of 15 differentially
expressed isoforms (Mittelsteadt et al, 2009). The Synaptotagmins contain an N-
terminal trans-membrane domain and two C2-domains, providing calcium sensor
functionality. Synaptotagmins I-III, V-VII and IX-X all contain five highly conserved
aspartate residues (in both C2-domains) to bind Ca2+, and these isoforms were found to
promote vesicle fusion in a Ca2*-dependent manner in vitro (Bhalla et al., 2008). The Ca2*
binding affinity of the Synaptotagmin I C2A domain is in the low micromolar range
(Davletov and Sudhof, 1993), corresponding well to the free Ca2* concentrations in the

pre-synaptic cytosol upon action potential triggered opening of voltage-gated calcium
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channels. Upon binding of calcium ions to the C2-domains, Synaptotagmin [ undergoes a
conformational change, causing an increased affinity for phosphatidylserine (Davletov
and Sudhof, 1993), a lipid mostly found in the cytoplasmic leaflet of the plasma
membrane. This calcium-dependent interaction of the cytoplasmic domain of
Synaptotagmin with the cytoplasmic leaflet of the plasma membrane has been
interpreted as serving as a mechanism to associate the synaptic vesicle with the plasma
membrane upon the arrival of an action potential, paving the way for the molecular

interactions driving membrane fusion (Sudhof, 2004; Pang and Sudhof, 2010).

1.1.1.2 SNAREs - the vesicle fusion machinery

The fusion of the vesicle with the plasma membrane is controlled by the soluble N-
ethylmaleimide sensitive factor (NSF) attachment protein (SNAP) receptor (SNARE)
proteins (Jahn and Scheller, 2006). All SNARE proteins share a conserved SNARE-
domain, consisting of a helical stretch of about 60 amino acids (Weimbs et al,, 1997;
Fasshauer et al.,, 1998; Sutton et al., 1998), and most SNAREs contain a C-terminal trans-
membrane domain, anchoring the protein to the membrane, or at least a post-
translational modification, which allows loose association with the membrane.
Furthermore, some SNAREs contain an N-terminal domain, which can have regulatory
function for the SNARE-assembly (Burkhardt et al.,, 2008). SNARE-assembly starts by
formation of a four-helix bundle of SNARE-domains of multiple SNAREs, residing on two
different membranes (or organelles). This helical bundle zippers-up from the N- to C-
termini, forming a trans-SNARE-complex (the participating SNAREs are anchored to
opposing membranes) and pulling the two membranes into close apposition,
culminating in the merging of the two lipid bilayers. Characteristic for the resulting
SNARE complex is a lining-up of amino acid residues at 16 conserved positions (layers)
of each SNARE-domain (Jahn and Scheller, 2006). The original classification of the
SNARESs was based on their presence on either target membranes (t-SNAREs) or vesicle
membranes (v-SNAREs) (Sollner et al, 1993; Rothman, 1994). Although this
classification is plausible for the classification of SNAREs involved in synaptic vesicle
exocytosis, it falls short of providing a universal classification template; in homotypic
fusion events, all participating SNAREs reside on the same type of organelle and the
determination of the target membrane would appear rather arbitrary. Subsequent
comparison of various SNARE domains revealed that they can be subdivided into two
types, based on a single conserved amino acid residue at the zero-layer, in the middle of
the SNARE-motif: while the R-SNAREs share a conserved arginine in this position, the Q-

SNAREs contain a conserved glutamine (Fasshauer et al., 1998).
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In the case of synaptic vesicle exocytosis, the four helices are contributed by the
synaptic vesicle protein Synaptobrevin 2 (also know as vesicle associated membrane
protein 2 [VAMP2]; v-/ R-SNARE), by the plasma membrane protein Syntaxin 1 (t-/ Q-
SNARE) and by the plasma membrane-associated (via palmitoylation) protein
synaptosome-associated protein of 25 kDa (SNAP-25; t-SNARE containing 2 Q-SNARE
domains). As Synaptobrevin is anchored to the vesicle membrane and Syntaxin 1 and
SNAP-25 are anchored to (or associated with) the plasma membrane, the zippering of
the SNARE domains pulls the vesicle membrane and the plasma membrane together.
Besides its interaction with the cytoplasmic leaflet of the plasma membrane,
Synaptotagmin I was also found to interact with Syntaxin 1 (Bennett et al., 1992) and
SNAP-25 (Schiavo et al, 1997) and is thought to promote and regulate the fusion
reaction. After successful membrane merger, the cis-SNARE complexes (with all SNAREs
now residing in the same continuous membrane) are resolved by the AAA (ATPases
with diverse cellular activities)-ATPase NSF and its cofactor a.-SNAP, so that the SNAREs
are available for future rounds of fusion (Jahn and Scheller, 2006).

Upon merger of the lipid bilayers of the vesicle and the plasma membrane, the
vesicle lumen becomes continuous with the extracellular medium; due to the steep
concentration gradient of neurotransmitter between vesicle lumen and extracellular
medium, it diffuses across the synaptic cleft and binds to post-synaptic surface
receptors, which directly or indirectly elicit an electrical response (Kandel et al., 2000).

In summary, the electrical signal arriving at the pre-synaptic nerve terminal as
an action potential has traversed the synaptic cleft by means of a chemical signal, which
has been re-coded at the surface of the post-synaptic cell, again into an electrical signal.
In contrast to the electrical synapse, where electrical signals are relayed from cell to cell
as graded potentials, the signal conversions at a chemical synapse significantly slow
down transmission (~0.2 ms vs. ~2 ms, respectively). Nevertheless, the chemical
synapse allows for various ways of fine-tuning and regulation of speed and strength of a
synapse, making the chemical synapse the prototype for the majority of synapses in the

central nervous system (Kandel et al., 2000).
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1.1.2 Synaptic vesicle recycling
What happens to the synaptic vesicle components in the plasma membrane upon
exocytosis?

One would expect the pre-synaptic nerve terminal to grow constantly as vesicles
are continually added to the plasma membrane during activity. This, however, has been
known for decades not to be the case (Heuser and Reese, 1973). There is a
compensatory mechanism retrieving membrane material from the plasma membrane
into the nerve terminal (endocytosis), eventually forming new fusion-competent
synaptic vesicles (recycling). Several pathways of synaptic vesicle recycling have been
described in the past (see reviews by: Sudhof, 2004; Rizzoli and Jahn, 2007), and they

are briefly described below (see also Figure 1-1).
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Figure 1-1: Different Models of Synaptic Vesicle Recycling

(A) Kiss-and-run. Vesicles (red) fuse transiently with the plasma membrane (black) by opening of
a small fusion pore and recycle locally by pinching off.

(B) Clathrin-mediated endocytosis. Vesicles collapse completely into the plasma membrane. The
vesicle and plasma membrane material could either mix (left) or the vesicle components could
remain as a patch in the plasma membrane (right). The synaptic vesicles are endocytosed by
clathrin-mediated endocytosis, via clathrin-coated pits and vesicles, and integrate into the vesicle
cluster after uncoating.

(C) Readily retrievable vesicles. Vesicles recycle as in classical clathrin-mediated endocytosis,
except that the vesicle fusing (red) and the vesicle being endocytosed (green) are not identical.
(D) Endosomal recycling. Vesicles undergo full-collapse fusion but mixing with the plasma
membrane leads to uptake of mixed vesicle material by clathrin-mediated endocytosis. After
uncoating, the retrieved vesicles fuse to an endosome, from which new synaptic vesicles bud.

(E) Bulk endocytosis. During heavy activity, fusion of many vesicles causes saturation of classical
endocytosis. Plasma membrane invaginations form cisternae of mixed plasma membrane /
vesicle material (left) or cisternae of only vesicle material (right), from which clathrin mediated
budding forms new synaptic vesicles.
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1.1.2.1 Schematics modified from (Rizzoli and Jahn, 2007).Kiss-and-run

A rather recently described synaptic vesicle recycling pathway has been named “kiss-
and-run” (see Figure 1-1 A), in allusion to the fact that it only involves transient fusion of
the synaptic vesicle to the plasma membrane by opening of a relatively small fusion
pore, followed by local recycling of the vesicle (Ceccarelli et al., 1973; Fesce et al., 1994).
This recycling mode is thought to not involve mixing of vesicle and plasma membrane
material, which would in principle allow the vesicles to recycle indefinitely. Among the
theoretical advantages of this recycling model are (1) the potentially fast recycling
speed that would allow fast reuse of vesicles (due to the simple opening and closing of a
fusion pore), (2) the inbuilt maintenance of the vesicle composition that would ensure
fusion-competency of the vesicles (due to the absence of intermixing of vesicle and
plasma membrane), and (3) the low energy expenditure (due to the small recycling
machinery and the superfluity of re-establishing the vesicle composition after
intermixing in the membrane). Despite these potential benefits entailed by kiss-and-run,
the experimental evidence for this pathway remains disputed (see below), also because

no molecular determinants of kiss-and-run have been described to date.

1.1.2.2 Clathrin-mediated endocytosis

The classical pathway of synaptic vesicle recycling involves endocytosis of synaptic
vesicle material via clathrin-coated pits and vesicles (see Figure 1-1 B). This well-
described pathway involves binding of stonin 2 to both AP2 and Synaptotagmin I,
recruiting clathrin to form coated pits containing synaptic vesicle material (Poskanzer et
al, 2003; Walther et al.,, 2004; Diril et al., 2006). Clathrin was first described by this
name in the late 1970’s (Pearse, 1976) as a conserved coat protein of vesicles in brain,
adrenal medulla and a lymphoma cell line. The polyhedral clathrin coats are formed by
interaction of multiple clathrin triskelia that are composed of three clathrin heavy
chains and three clathrin light chains each (Edeling et al., 2006).

In contrast to the absence of knowledge about the molecular players in kiss-and-
run, the clathrin machinery has been characterized in much detail, so that many direct
and indirect clathrin interaction partners and their functions are known. Among these
are the adaptor proteins AP180 and AP2 (Hao et al, 1999), the BAR (Bridging
interactor/Amphiphysin/Reduced viability upon starvation) domain-containing (Peter
et al,, 2004; Frost et al, 2009) membrane curvature-inducing proteins Amphiphysin
(Lichte et al., 1992; David et al., 1996) and Endophilin (Micheva et al,, 1997; Schmidt et
al, 1999), the GTPase Dynamin that promotes the pinching-off of the coated vesicle

(Sweitzer and Hinshaw, 1998), as well as the chaperone Hsc70 (heat shock protein
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cognate of 70 kDa; also known as uncoating ATPase; Paddenberg et al., 1990) and the
phosphoinositide phosphatase Synaptojanin (McPherson et al., 1994; Ramjaun and
McPherson, 1996; Haffner et al., 2000), both of which are involved in the shedding of
clathrin coats.

In the basic variant of clathrin-mediated endocytosis, the uncoated vesicles
could be ready for a new round of fusion simply by refilling with neurotransmitter
(Takei et al., 1996), which is generally achieved by pumping protons into the vesicle
lumen by the action of the vacuolar H*-ATPase, followed by passive transport of the
respective neurotransmitter into the vesicle lumen via integral transmitter transporters
(Siidhof et al., 2008). Alternative variants of clathrin-mediated recycling include (1) the
concept of “readily retrievable” vesicles (Fernandez-Alfonso et al., 2006; Wienisch and
Klingauf, 2006), which allows shorter endocytosis lag-times by internalizing a pre-
formed coated pit rather than the recently exocytosed vesicle (see Figure 1-1 C), and (2)
the fusion of internalized vesicles to an endosomal compartment (Heuser and Reese,
1973) to sort vesicle components after intermixing in the plasma membrane (detailed in

section 1.1 below; see also Figure 1-1 D).

1.1.2.3 Bulk endocytosis

Another pathway that has been described to be functional for synaptic vesicle recycling
is “bulk endocytosis” (Gennaro et al., 1978; Miller and Heuser, 1984). The hallmark of
this mechanism is the clathrin-independent formation of large plasma membrane
invaginations, which eventually pinch-off to form intracellular cisternae (see Figure 1-1
E). This pathway has been described to be triggered during heavy exocytotic activity
(Clayton et al., 2008), when the capacity of classical clathrin-mediated endocytosis is
surpassed (see Royle and Lagnado, 2003). This way, the excessive fusion of vesicles is
not accompanied by growth of the nerve terminal, and budding from the internal
cisternae forms new vesicles. In view of the fact that the internal cisternae represent a
plasma membrane-derived compartment that might even remain connected to the
plasma membrane, it is not surprising that the subsequent budding of small vesicles
from these bulk invaginations requires clathrin and its machinery, in a process that is

essentially endocytosis from the (internalized) plasma membrane.

16



1.1.3 Synaptic vesicle pools

Despite the ongoing discussion about the recycling pathways taken by synaptic vesicles,
there is general consensus regarding the existence of several different synaptic vesicle
pools - functionally defined subsets of synaptic vesicles (see Figure 1-2). Synaptic
vesicle pools have been described in various organisms and are typically classified as
three separate pools (see review by Rizzoli and Betz, 2005).

First, the readily releasable pool (RRP) of vesicles consists of those few vesicles
being most fusion-competent; upon arrival of action potentials at the nerve terminal, the
RRP vesicles (corresponding to the morphologically docked vesicles; Schikorski and
Stevens, 2001) first undergo fusion at the active zone. For the preparation of choice in
this study, cultured neurons from the rat hippocampus, this vesicle pool only
contributes ~5% of all synaptic vesicles (about 10 out of 200; Schikorski and Stevens,
1997). In vitro, this pool of vesicles can be mobilized by a brief high-frequency electrical
stimulus of 40 action potentials (20 Hz for 2 seconds; Murthy and Stevens, 1998, 1999;
Schikorski and Stevens, 2001) or by brief exposure to hypertonic sucrose solution
(Rosenmund and Stevens, 1996). As each vesicle only shows a limited release
probability, the overall release probability of a synapse has been proposed to depend on
the size of the RRP - the more vesicles are docked and available for exocytosis, the

higher the probability to release one of them (Murthy et al., 2001).

RRP ~5%

Figure 1-2: Synaptic Vesicle Pools

Three classical synaptic vesicle pools in the pre-synaptic nerve terminal of cultured hippocampal
neurons. The readily releasable pool (RRP; orange) vesicles are docked at the active site and
constitute only about 5% of all vesicles. The recycling pool (green; ~10% of all vesicles) and the
reserve pool (blue; ~85% of all vesicles) are spatially intermixed. (compare Rizzoli and Betz,
2005)
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Second, the recycling pool contributes ~10% of all vesicles (about 20 vesicles)
and it recycles at prolonged electrical stimulation (20Hz / 30s) in vitro (Murthy and
Stevens, 1999; Harata et al,, 2001b; Harata et al., 2001a). These vesicles are thought to
recycle repeatedly and intermix with the RRP on a relatively fast timescale; whether
there is any difference between RRP and recycling pool vesicles in terms of molecular
composition remains to be determined (see Rizzoli and Betz, 2005).

Third, the reserve pool of vesicles is reluctant to release in cultured hippocampal
neurons, even after prolonged high-frequency stimulation or brief depolarization with
high-K* solution (Harata et al,, 2001b; Harata et al., 2001a). Although these vesicles can
be released at prolonged high-frequency stimulation in other preparations, including the
larval Drosophila neuromuscular junction and the frog neuromuscular junction (Delgado
et al,, 2000; Richards et al,, 2000) it seems that this pool of vesicles is not recruited
under physiological conditions. For example, the reserve pool mobilization observed in
the temperature sensitive Drosophila mutant shibire (which is unable to endocytose
vesicles at non-permissive temperature; Grigliatti et al., 1973; Koenig and Ikeda, 1989;
van der Bliek and Meyerowitz, 1991) upon excessive stimulation at 10 Hz for 5 minutes
at non-permissive temperature (Delgado et al, 2000) was certainly evoked by an
extreme situation of vesicle depletion, which might never be naturally encountered. It
remains to be noted that the role of the reserve pool in vivo has not been determined
conclusively - by choosing sufficiently strong stimulation paradigms, the reserve pool
can be recruited to release in several preparations, but whether this is of any
physiological relevance is not described.

Although the functional differences between synaptic vesicle pools have been
excessively studied, not much is known about the root of these functional differences.
The group of Kidokoro has suggested that the pools are spatially segregated in
Drosophila, which could explain the differences in release probability (Kuromi and
Kidokoro, 2003). According to their observations, the exo/endo cycling pool (the
equivalent of a combined RRP and recycling pool) is located in proximity to the active
sites, where synaptic vesicles fuse with the plasma membrane, while the reserve pool is
located in the center of the terminals. This view, however, is not in agreement with
findings also by the same group, showing that the terminal centers are normally devoid
of vesicles in this preparation (Atwood et al., 1993; Kuromi et al., 2004). In addition, this
view has been challenged by recent studies showing that the functional vesicle pools are
spatially intermixed (Akbergenova and Bykhovskaia, 2009; Denker et al., 2009). These
latter findings support the notion that the functional vesicle pools might be made up of

molecularly non-identical vesicles. Even though the composition of a typical synaptic
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vesicle has been determined in the exhaustive study by Jahn and coworkers (Takamori
et al,, 2006), this composition ‘only’ represents a biochemical average of a population of
purified vesicles. It might well be that there are several sub-populations of vesicles
diverging more or less drastically from the composition of this average synaptic vesicle.
Such differences in vesicle composition might account for the functional differences
between the vesicle pools — nevertheless, we are currently not in the position to make

such classifications.
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1.2 Endosomal Trafficking

The endosomal system consists of several more or less well defined intracellular
organelles associated with the trafficking of various cargoes between the plasma
membrane and the trans-Golgi network (TGN). Below follows a short description of the

characteristic properties and functions of the organelles in the endosomal system.

Clathrin
coated pit

Rab 4

O
O &

Q-
b4
Rab 5 K

Rab 11

Early
Endosome

Late
Endosome
Recycling
Endosome Rab 7

Rab 9
TGN
Lysosome

Figure 1-3: Endosomal Trafficking Organelles

Schematic representation of the endosomal compartments as outlined in the main text. Note that
the various trafficking steps typically involve specific Rab (Ras-related in brain) proteins to
recruit further factors required for fusion.
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1.2.1 The endosomal compartments

The endosomal system consists of various organelles and interfaces to the secretory
pathway (see Figure 1-3). In brief, vesicles endocytosed via clathrin-coated pits are
delivered to the early (or sorting) endosome, which serves as the major trafficking hub
in the endosomal system. From here, cargoes can be rerouted directly to the cell surface
in a fast recycling pathway, they can take a slow recycling pathway via the recycling
endosome back to the surface, or they can move towards the degradative pathway by
reaching late endosomes and lysosomes. Both the recycling endosome and the late
endosome also exchange material with the TGN, which allows bi-lateral traffic between
the endosomal system and the secretory compartments.

The endosomal compartments and the traffic between them are discussed in

more detail in the following sections.

1.2.1.1 Early endosome

The early endosome is the first organelle receiving material taken up into the cell by
endocytosis. It acts as a sorting hub, directing incoming soluble and membrane-bound
cargoes towards their proper destinations. For example, incoming nutrients will be
directed towards the lysosome (see below) or surface receptors will be sent back to the
plasma membrane by means of secretory vesicles.

The molecular components giving identity to the early endosome are
understood relatively well. Small GTPases of the Rab (Ras-related in brain; Touchot et
al., 1987) family have been identified as major regulators of tubulo-vesicular transport
in eukaryotic cells (Stenmark and Olkkonen, 2001; Stenmark, 2009). As all small
GTPases, Rabs cycle between two states. When in the GTP-bound form, Rabs are in their
active conformation and are anchored to membranes via the exposed geranylgeranyl-
anchor. In this active state, the Rabs recruit Rab effectors and promote cellular
processes like vesicle transport, uncoating, budding and fusion. Due to their intrinsic
GTPase activity, which is further enhanced by interaction with a GTPase activating
protein (GAP), GTP is hydrolyzed to GDP and inorganic phosphate. This hydrolysis
effects a conformational change and inactivation of the Rab, also causing it to dissociate
from the membrane. The lipophilic geranylgeranyl-anchor of the soluble Rab is
sequestered by the guanine nucleotide dissociation inhibitor (GDI). For the reactivation
of the Rab, the GDP has to be substituted for GTP by the guanine nucleotide exchange
factor (GEF).
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The Rab protein Rab5 has been identified on early endosomes (Chavrier et al,,
1990) and synaptic vesicles (Takamori et al., 2006) and has been implicated in clathrin-
mediated endocytosis and endosomal fusion (Stenmark, 2009). Besides Rab5, early
endosomes are known to be enriched in PI3-kinase and the phospholipid phosphatidyl-
inositol-3-phosphate (PI3P). This endosomal lipid mediates the recruitment of other
regulatory proteins like the early endosome antigen 1 (EEA1). In fact, EEA1 is recruited
by means of coincidence detection: it binds to PI3P via its FYVE-domain and to Rab5 via
C- and N-terminal Rab binding domains. Thus, EEA1 serves as a tethering factor for
fusion, possibly also between Rab5 positive organelles (Stenmark, 2009). As for synaptic
vesicle exocytosis, endosomal fusion requires formation of a SNARE complex, in this
case including the SNAREs Vtila, Syntaxin 13, Syntaxin 6 and VAMP4 (Rizzoli et al,
2006).

Although Rab5 is so intricately involved in early endosome dynamics, it is not
the only Rab found on this organelle - early endosomal microdomains enriched in Rab4
have been identified to be involved in the direct recycling of cargoes back to the plasma
membrane (Stenmark, 2009). It becomes more and more apparent that the Rabome
plays a key role in determining the functional repertoire of organelles (Gurkan et al,,

2005; Stenmark, 2009).

1.2.1.2 Recycling endosome

Rather than being recycled directly back to the plasma membrane from the early
endosome (fast recycling route), some cargoes take an indirect route via the recycling
endosome. As is the case with Rab5 and Rab4 in early endosomes, the recycling
endosome is characterized by the presence of several Rab microdomains. Besides the
Rab11l domains involved in recycling material back to the plasma membrane, the
recycling endosome contains Rab4 domains receiving material from the early
endosome, as well as tubular compartments enriched in Rab10, Rab11, Rab22A and
Rab35 (Grant and Donaldson, 2009; Stenmark, 2009). The recycling endosome also
directs some cargoes to the TGN, which is a common route taken by some toxins, like the
cholera toxin beta subunit (CTxB; Nichols and Lippincott-Schwartz, 2001; Lencer and
Tsai, 2003)

1.2.1.3 Late endosome and lysosome

While the early endosome is clearly specialized in the sorting of various cargoes to and
from multiple destinations in the cell, the function of the late endosome is tailored more
towards the degradative pathway. How the late endosome is formed is still a subject of

debate: one hypothesis suggests that late endosomes are formed from carrier vesicles
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forming a stable late endosome, while the second model suggests that late endosomes
derive directly from the remnants of early endosomes via endosome maturation
(Clague, 1998). In line with the latter model, it was discovered that Rab5 positive early
endosomes undergo conversion to a Rab7 positive late endosome (Rink et al,, 2005;
Poteryaev et al,, 2010). Interestingly, late endosomes exhibit additional Rab9 domains
that have been implicated in the exchange of material with the TGN (Stenmark, 2009).
The distinct morphological feature of late endosomes is the existence of internal
vesicles, which originate by invagination and budding of late endosomal surface
membrane. These internal vesicles have given rise to the term multi-vesicular body
(MVB) as a synonym for the late endosome. Late endosomes mainly deliver trans-
membrane proteins and soluble cargoes to the lysosome for degradation, but some
trans-membrane proteins can also be recycled back to the plasma membrane (Lodish,
2003).

Although formally not part of the endosomal system, the lysosome is so tightly
connected with the late endosome that it shall not remain unmentioned here. The
transport between late endosome and lysosome is governed by Rab7, one of the major
Rabs on late endosomes (Stenmark, 2009). As its name suggests, the lysosome is in
charge of breaking down macromolecules by means of acid-activated hydrolases;
material reaching the lysosome is destined for degradation and will be used to provide

molecular building blocks for biosynthetic pathways (Lodish, 2003).
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1.2.2 Sorting of cargo

The endosome directs various cargoes to their various destinations, but how is the
sorting achieved?

A well-understood example of endosomal sorting is the recycling of cell surface
receptors, which [ will briefly describe by the example of the low-density lipoprotein
(LDL) receptor. The LDL receptor is expressed on the cell surface of many cells and
contains a short C-terminal cytosolic segment that is connected to a longer N-terminal
exoplasmic part via a single trans-membrane helix; this exoplasmic part is made up of a
B-propeller domain and a ligand-binding arm (Yamamoto et al.,, 1984; Lodish, 2003).
The binding arm is characterized by seven imperfect cystein-rich repeats and interacts
with the apoB-100 protein, which is part of LDL particles.

The LDL particle consists of a core of cholesteryl-esters and triglycerides (~90%
cholesteryl-esters) that is surrounded by a monolayer lipid membrane consisting of
phospholipids and cholesterol. The single copy of the apoB-100 protein wrapped around
this lipid particle mediates detection by the binding arm of the LDL receptor. Containing
high amounts of cholesterol, the function of LDL particles is to deliver cholesterol to the
cells (mostly hepatocytes) via the bloodstream. The binding of the LDL receptor’s
binding arm to apoB-100 only constitutes the first step in attaining this goal;
subsequently, the receptor-LDL complex needs to be internalized by the cell. This
uptake is promoted by a short amino acid sorting sequence (NPxY, where x can be any
amino acid) in the cytoplasmic domain of the receptor, which allows interaction with
AP2 and hence enriches the receptor complexes in clathrin-coated pits. After uptake into
endocytic vesicles, the receptor-LDL complexes are delivered to the early endosome,
where some fast recycling cargoes are sorted into budding vesicles, some slow recycling
cargoes are targeted to the recycling endosome, and yet other cargoes are directed
towards the degradative pathway (see above). As the cholesterol from the LDL particles
has to be released by hydrolysis, the receptor-LDL complexes take the latter pathway
towards the late endosome and lysosome. The maturation of the early endosome to a
late endosome is not only characterized by Rab conversion (see above), but most
notably also by acidification of the lumen. Due to the more acidic pH in the late
endosome, the LDL particle dissociates from the LDL-receptor and is released into the
endosome lumen. From this point on the paths of the receptor and its cargo separate:
the former is recycled back to the plasma membrane, the latter progresses to the

lysosome for degradation.
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Although one might expect sorting sequences on both apoB-100 and on the LDL-
receptor responsible for their differential sorting, no such signals have been identified. It
seems that the default pathway for surface receptors is to be delivered back to the
plasma membrane, without the requirement of any particular signal. Conversely, the
receptor needs to be explicitly marked for lysosomal degradation (for example by
ubiquitylation; Katzmann et al, 2002), leading to its packaging into internal late-
endosomal vesicles and progression to the lysosome.

How is sorting achieved in the absence of a sorting signal? A proposed
mechanism, ‘iterative, geometry-based sorting’ (Maxfield and McGraw, 2004; Cullen,
2008), takes advantage of the geometry of endosomal organelles and their surface-to-
volume ratios. By forming rather long, tubular membrane protrusions from the
endosome (resembling a water-filled latex-glove), these protrusions will automatically
enrich in the receptor compared to the body of the endosome. Conversely, the body of
the endosome will be relatively scarce in receptor proteins but rich in soluble content
because of its relatively large volume. Although seemingly unspecific, such a mechanism
allows the endosome to recycle receptor proteins to the plasma membrane while
keeping soluble cargoes within the endo-lysosomal compartments. As mentioned above,
retention of membrane proteins in the endosomal system might require additional
sorting signals and protein-protein interactions.

Another mechanism to separate and sort membrane proteins, namely the
formation of membrane rafts or domains, has been introduced about two decades ago
(Simons and van Meer, 1988; Brown and Rose, 1992; Simons and Ikonen, 1997; Simons
and Toomre, 2000). This mechanism could be seen as an extension of the geometry-
based model, rather than a replacement: it allows the separation of differently
composed membrane patches and lumenal content, as opposed to only separating
surface from volume. Lipid rafts are small (~10-200 nm) domains enriched in
cholesterol, sphingolipids and glycosyl-phosphatidyl-inositol (GPI) -anchored proteins.
Since the original proposition of lipid rafts, the formation of domains and the clustering
of proteins has become a frequently observed motif. Proteins identified to reside in such
clusters are, among others, amyloid beta (Lee et al,, 1998), SNARE proteins (Lang et al,,
2001; Chamberlain and Gould, 2002) and the synaptic vesicle protein Synaptotagmin 1
(Willig et al,, 2006). The potential relevance of protein-lipid-domains for endosomal
sorting is evident: if a group of (for example) surface receptors remains clustered after
endocytosis, they can be easily returned to the plasma membrane as one patch in a

single step.
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1.3 Endosomes and Synaptic Vesicles

As described above, the endosomal system is well established as an intracellular sorting
system connecting various intracellular organelles; it maintains the balance of in- and
outbound cargoes and sorts lipids and proteins to their proper destinations within the
cell. In this section [ will discuss the current status about the involvement of endosomes

in synaptic vesicle recycling.

1.3.1 Are endosomes involved in synaptic vesicle recycling?

The chemical synapse constitutes a cellular compartment specialized in the release of
neurotransmitter by means of vesicle exocytosis. Even if a small central nervous system
synapse, like those of cultured hippocampal neurons, only recycled a single vesicle per
second (which seems to be a good estimate, considering average firing rates of about 5
Hz; Evarts, 1964; Green and Gillette, 1982), it would still have to deal with almost 4,000
vesicles exo- and endocytosing per hour. Considering that activity is not constant over
time, there should be transient timeframes of substantially higher recycling rates. Such
high membrane turnover rates likely pose a challenge for the cell with respect to
maintaining the molecular composition/identity of its organelles. Particularly the highly
specialized composition of the synaptic vesicles (Takamori et al., 2006) is crucial for the
proper functioning of synaptic transmission: vesicle exocytosis would eventually cease,
if the synaptic vesicles slowly lost their copies of, for example, the exocytotic SNARE
Synaptobrevin (of which they contain about 70 molecules on average; Takamori et al,,
2006) in the plasma membrane during repeated rounds of fusion. There is indeed some
evidence that the molecular integrity of synaptic vesicles is maintained throughout their
lifetime: vesicle components do not seem to accumulate in the plasma membrane
(Valtorta et al., 1988) and synaptic vesicles do not seem to get enriched in plasma
membrane material upon continuous recycling (Mitchell and Ryan, 2004).

As described above, the ubiquitous constitutive clathrin-mediated endocytosis
pathway delivers membrane-bound proteins and soluble content to early endosomes by
default. There is a striking common feature with synaptic vesicle recycling here:
clathrin-mediated endocytosis has been described to retrieve synaptic vesicles into the
nerve terminal (see for example Miller and Heuser, 1984; and the review by Rizzoli and
Jahn, 2007). Although it seems almost natural, in view of this parallel, to propose the
involvement of endosomes also in the recycling of synaptic vesicles, the situation in the
highly specialized compartment of the pre-synapse might not be as straight forward. But

indeed an endosomal recycling model has been proposed as early as 1973 (Heuser and
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Reese, 1973). This proposition was based on the appearance of coated pits and vesicles
that coalesced to form large internal cisternae upon heavy stimulation of frog
neuromuscular junctions (10Hz / 15 minutes). In similar experiments, Mauro and
collaborators (Ceccarelli et al.,, 1973) argued against this hypothesis, as they observed
no depletion of synaptic vesicles, no increase in the number of coated vesicles and no
appearance of larger organelles. These latter results marked the beginning of the
emerging model of fusion characterized by only transient fusion of a vesicle to the
plasma membrane via opening of a small fusion pore (later termed "kiss-and-run"; Fesce
et al, 1994; see also review by Valtorta et al., 2001). The original Heuser and Reese
model was later adapted to accommodate conflicting results: synaptic vesicles could
either be formed simply by uncoating of endocytosed clathrin coated vesicles (CCVs) or
by budding from internal cisternae originating from bulk endocytosis (Gennaro et al.,
1978; Miller and Heuser, 1984). The coated vesicles connected to internal cisternae that
Heuser and Reese had observed were now interpreted as coated vesicles budding from,
rather than fusing to, these cisternae; also more recent studies have reported bulk
endocytosis (Takei et al., 1996; Clayton and Cousin, 2008; Clayton et al., 2008; Cheung et
al., 2010; Clayton et al., 2010; Glyvuk et al., 2010), while the endosomal model did not

receive much further attention.

1.3.1.1 Evidence for the endosomal model

In part because of this negligence of the endosomal sorting model in synaptic vesicle
recycling, the evidence in support of this model is relatively scarce and most of it did not
remain uncontested. As mentioned before, early endosomal markers including Rab5 and
endosomal SNAREs have been identified on synaptic vesicles (Fischer von Mollard et al,,
1994; Antonin et al.,, 2000; Rizzoli et al., 2006; Takamori et al., 2006); however, synaptic
vesicles also contain a plethora of other (not exocytosis-related) Rabs and SNAREs
(Takamori et al., 2006), allowing the interpretation that their composition might simply
not be controlled exceedingly strict. Additionally, the endosomal lipid PI3P was found to
recycle together with synaptic vesicles in the Drosophila neuromuscular junction
(Wucherpfennig et al., 2003), indicative of early endosomal recycling; but the existence
of such an endosomal compartment in mammalian neurons has been contested (Murthy
and Stevens, 1998). Furthermore, although purified synaptic vesicles from mammalian
synaptosomes (isolated synapses) can fuse with bona fide sorting endosomes in vitro,
the observed fusion rates are extremely low (Rizzoli et al, 2006), questioning the
physiological relevance of these in vitro experiments. Finally, synaptic vesicle recycling

is generally affected (at least to some extent) by perturbations of endosomal proteins
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including Rab5 (de Hoop et al., 1994; Wucherpfennig et al., 2003), PI3-kinase (Rizzoli
and Betz, 2002), the adaptor protein AP3 (Voglmaier et al, 2006) and the adaptor
protein o1B-adaptin (thought to participate in sorting endosome dynamics; Glyvuk et
al,, 2010); however, none of these approaches targeted exclusively the synaptic vesicle-

endosome interaction, possibility leading to of off-target effects.

1.3.1.2 Could kiss-and-run eliminate the requirement of endosomal sorting?

Especially in recent years, the conceptually much simpler kiss-and-run recycling model
was placed in the center of attention. s it possible that this recycling mode represents
the solution of the chemical synapse to deal with the high turnover-rate of an organelle
specialized for regulated exocytosis? Could the existence of kiss-and-run explain why
the otherwise omnipresent role of early endosomes in sorting endocytosed vesicles
might not be functioning in synaptic vesicle recycling?

There has been a plethora of reports on the existence of the kiss-and-run model
(Klingauf et al.,, 1998; Sun et al,, 2002; Gandhi and Stevens, 2003; Harata et al., 2006; He
et al, 2006; Zhang et al., 2009), but due to technical challenges, direct evidence for the
existence of kiss-and-run is still missing. Although electron microscopy can readily
provide the required resolution to identify individual vesicles and even fusion pores
(typically ~10-20 nm; Torri-Tarelli et al., 1985), it does not provide the necessary
temporal dynamics. As classical full collapse fusion also begins with the opening of a
small fusion pore, observing such a pore in electron microscopy cannot be interpreted
as evidence for kiss-and-run. Conversely, the temporal resolution provided by the
combination of capacitance measurements and fusion pore conductance measurements
allowed the calculation of the size of the kiss-and-run fusion pore (>2.3 nm; He et al,,
2006), but this very indirect way of detecting kiss-and-run cannot exclude the
possibility of capacitance flickers arising from the fusion of one vesicle and the
subsequent endocytosis of a different one (readily retrievable vesicles; Wienisch and
Klingauf, 2006). Similarly, the observation of fast sub-second endocytosis in capacitance
measurements was attributed to fast kiss-and-run recycling (Sun et al., 2002), but the
same group later reported retrieval speeds of about 1-2 seconds, decreasing the
apparent advantage over clathrin-mediated endocytosis (Wu et al., 2005).

A different approach to investigate fusion events involves the stimulation of
nerve terminals in presence of lipophilic styryl FM dye (Betz and Bewick, 1992) that
inserts into the lumenal leaflet of fused vesicle membranes and thus labels the vesicles
upon retrieval into the terminal; exocytosis can then be monitored as the decrease in

fluorescence (release of dye) during subsequent stimulation. As kiss-and-run, by
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definition, only connects to the plasma membrane by the opening of a (arguably) small
and transient fusion pore, more hydrophilic dyes should be released faster than more
lipophilic ones. This observation indeed served as an argument for kiss-and-run
(Klingauf et al., 1998), but subsequent studies failed to confirm this finding, as also a
more hydrophobic dye was readily released during exocytosis (Fernandez-Alfonso and
Ryan, 2004). In a different attempt to differentiate between full-collapse fusion and Kiss-
and-run, FM dye experiments were combined with the application of the hydrophilic
quencher bromophenol blue, according to the following rationale: if a labeled vesicle
underwent full-collapse fusion, it would release all of its FM dye, whereas the transient
fusion pore of a kiss-and-run event would only allow partial release of FM dye, so that
the remaining dye molecules would be subject to quenching by bromophenol blue
(Harata et al., 2006). However, a serious pitfall with this approach is the fact that the dye
released by full-collapse fusion events could remain bound to the plasma membrane in
the tight space of the synaptic cleft; as the dye would be equally subject to bromophenol
blue quenching here, the fusion event would be falsely interpreted as kiss-and-run (see
discussion in Granseth et al., 2006).

Yet another innovative tool to study synaptic vesicle exocytosis are chimeras of a
pH-dependent green fluorescent protein (GFP) variant (pHluorin) linked to the lumenal
terminus of a synaptic vesicle protein (Miesenbock et al.,, 1998). While the pHluorin
moiety is brightly fluorescent at neutral extracellular pH (to which fused vesicles are
exposed), it is quenched at the acidic pH of internal synaptic vesicles, rendering the
pHluorin fluorescence an indicator of vesicle fusion. Using this tool, the time course of
pHluorin quenching suggested the occurrence of fast cycling events with fusion pore
durations of about 0.5-1 second (Gandhi and Stevens, 2003), but a subsequent study
relying on similar experiments could not detect any such fast events (Granseth et al,,
2006).

In a recent study, Richard Tsien and coworkers (Zhang et al, 2009) used
semiconductor Quantum Dots (Qdots) to label recycling synaptic vesicles. By taking
advantage of the pH-dependence of the Qdots (which remains a matter of debate, see
Pons and Mattoussi, 2009), Tsien and coworkers interpreted brief “upticks” in
fluorescence as the brief opening and closing of a Qdot-labeled synaptic vesicle
undergoing kiss-and-run fusion. Full-collapse fusion however was characterized by
prolonged elevated fluorescence, which could either return to baseline by endocytosis
(and re-acidification of the vesicle) or be lost completely if the Qdot escaped into the
synaptic cleft and diffused away. As Lagnado and coworkers noted (Granseth et al,

2009), fast retrieval Kinetics could also be attributed to a steric effect of the Qdots: a

29



synaptic cleft in this preparation measures about 20 nm across and is tightly packed
with extracellular matrix and cell adhesion proteins; the Qdots used by Tsien and
coworkers are also about 20 nm in diameter and will thus not be very quick in diffusing
away from a fused vesicle (Smith et al.,, 2010). It could be conceived that the Qdot
jammed in-between vesicle and plasma membrane prevents the fused vesicle from fully
collapsing into the plasma membrane and somehow promotes retrieval instead. It is also
possible that an escaped Qdot could be taken up by an adjacent readily retrievable
vesicle (as suggested by Wienisch and Klingauf, 2006), which is however not expected to
account alone for the observed brief upticks.

In addition to these controversies regarding kiss-and-run, a major shortcoming
of the model relates to the burden of maintaining the composition of synaptic vesicles
even after multiple rounds of fusion. As no molecular players of kiss-and-run have been
described, one has to postulate that kiss-and-run fusion does not involve diffusion of
vesicle proteins and lipids into the plasma membrane and vice versa. From our current
knowledge, however, this claim can only be regarded as hypothetical.

In conclusion, the kiss-and-run model remains what the name suggests — merely
a model. The controversies regarding the reports on kiss-and-run are too substantial
and too manifold to draw solid conclusions with respect to the relevance of this
recycling mode. For the scope of this study, it is especially important to note that
endosomal recycling should not a priori be rejected based on the existence of a
potentially better-suited recycling mechanism. Both kiss-and-run and endosomal
recycling come with their intrinsic advantages and disadvantages that will need to be

elucidated in order to better understand the complex issue of synaptic vesicle recycling.
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1.4 Aim of the Project

As becomes evident from the considerations above, the field of synaptic vesicle recycling
is still awaiting conclusive evidence for both the kiss-and-run and the endosomal
recycling models. Although both models have received (at least at some point) their
share of attention, none of them remained free of controversy.

As no mechanistic and molecular data is currently available for the kiss-and-run
model, technical limitations (time resolution, diffraction limit etc.) and our lack of
knowledge would require large screening efforts to first identify possible molecules
unique to kiss-and-run fusion that, if successful, could afterwards be characterized in
more detail to study the mechanisms governing kiss-and-run. Failure to identify any
molecular players or mechanistic aspects of kiss-and-run (which is not impossible in
view of the contradictory reports), would, however, not be accepted as valid proof
against kiss-and-run.

The situation is quite different for the endosomal recycling model. Taken the
molecular and functional knowledge about endosomes and given the technological
possibilities of today, we should be able to devise experiments to test successfully the
function of endosomes in synapses. The existence of several targets for the specific
labeling and perturbation of the early endosome will enable us to use a multitude of
imaging approaches to visualize the interplay between synaptic vesicles and early
endosomes.

Therefore, we set out to verify whether endosomes are indeed involved in the
recycling of synaptic vesicles in small synapses of the central nervous system, focusing
on cultured hippocampal neurons as the model system of choice. If successful, we would
attempt to investigate the relevance of endosomal recycling for the different vesicle
pools by employing conventional and advanced fluorescence imaging techniques in
combination with photo-oxidation electron microscopy. An additional point of
investigation was to determine how tightly (and possibly at which recycling steps) the
molecular identity of synaptic vesicles is controlled and maintained.

Overall, this study clearly offers the potential to provide new impetus to the
synaptic vesicle recycling field: we are now in the position to tackle the long-standing
question of endosomal involvement in what is probably the most elementary process in
the pre-synapse. Furthermore, the results from this study, although focusing on the
investigation of the endosomal pathway, could add new insights about general
principles in synaptic vesicle recycling that might also prove useful in interpreting data

relating to the kiss-and-run model.
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2. MATERIALS AND METHODS

2.1 Antibodies

Primary antibodies were used as available from Synaptic Systems GmbH, Gottingen

(SySy; www.sysy.com), Abcam plc, Cambridge, UK (Abcam; www.abcam.com), Becton
Dickinson GmbH, Heidelberg (BD; www.bd.com/de), Affinity BioReagents / Thermo

Fisher Scientific Inc., Rockford, I, USA (ABR; www.bioreagents.com), Sigma-Aldrich

Chemie GmbH, Steinheim (Sigma; www.sigmaaldrich.com/germany) and Echelon

Biosciences Incorporated, Salt Lake City, UT, USA (Echelon; www.echelon-inc.com). All

primary antibodies used in this study are listed in Table 2-1.
All secondary antibodies were obtained from Dianova GmbH, Hamburg

(www.dianova.de) and were either purchased as fluorescent conjugates (labeled with

Cy2, Cy3 or Cy5) or were conjugated to the dye Atto 532, Atto 590 or Atto 647N

according to the supplier’s protocol (Atto-Tec GmbH, Siegen; www.atto-tec.com).

Table 2-1: Primary antibodies used throughout the study

Antibody target Antibody type Notes Reference
ADP Ribosylation mouse monoclonal; Also known as Arf Abcam
Factor clone 1D9
Amphiphysin rabbit polyclonal SySy
AP-3 -2 chicken polyclonal Abcam
AP1 complex .
subunity-1 rabbit polyclonal ABR
AP180 rabbit polyclonal SySy
Clathrin heavy mouse monoclonal;
. BD
chain clone 23
Dynamin 1,2,3 rabbit polyclonal SySy
Endophilin rabbit polyclonal SySy
Kind gift from Reinhard
i rabbit polyclonal; Jahn (Max-Planck Institute
GABA-transporter R22 for Biophysical Chemistry,
Gottingen)
rabbit polyclonal;
GFP 2b290 Abcam
HA-tag mouse monoclonal Kind gift from Reinhard
Jahn
mouse monoclonal;
Munc18-1 clone 131.1 SySy
mouse monoclonal; | Used without fixation, for
NMDA-receptor clone 54.1 optimal epitope recognition SySy
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mouse monoclonal;

NSF clone 83.11 SySy
mouse monoclonal;
PI(3)P 7-P003 Echelon
Rab4 mouse monoclonal; BD
clone 7
Rabs mouse monoclonal; | Used without fixation, for (Fischer von Mollard et al,,
clone 621.1 optimal epitope recognition 1994)
mouse monoclonal; | Plasma membrane exocytic Q-
SNAP-25 clone 71.1 SNARE SySy
SNAP-25 rabbit polyclonal Plasma membrane exocytic Q- (Aguado et al,, 1996)

SNARE

mouse monoclonal;

Synaptic vesicle exocytic R-

Synaptobrevin 2 clone 69.1 SNARE; Also known as Vamp2 SySy
Synaptojanin 1 rabbit polyclonal lglgliiigza(;ger;n;ier;ﬂ:lafﬁnity i SySy
Synaptophysin Icrllgllllese7.r;10noclonal; SySy
Synaptophysin za;b;) it polyclonal; (Jahn et al., 1985)

Synaptotagmin I

mouse monoclonal;
clone 41.1

SySy

Synaptotagmin I

mouse monoclonal;
clone 604.2

Against luminal (extracellular)
domain; We also obtained this
antibody in its biotinylated form
or directly labeled to the
fluorescent dye Oyster550 or
Atto 647N

SySy; (Willig et al,, 2006)

Syntaxin 1

mouse monoclonal;
clone 78.2

Plasma membrane exocytic Q-
SNARE

SySy

Syntaxin 1

mouse monoclonal;
HPC1

Plasma membrane exocytic Q-
SNARE

(Barnstable et al.,, 1985)

Syntaxin 13

rabbit polyclonal

(Rizzoli et al,, 2006)

mouse monoclonal;

Syntaxin 6 clone 30 BD
. mouse monoclonal;
Uncoating ATPase clone 3C5 Also known as Hsc70 SySy
Velutl rabbit polyclonal; Kind gift from Reinhard
g shigeo2 Jahn
- 2+
Voltage-gated Ca rabbit polyclonal Affinity-purified from serum SySy

channel

mouse monoclonal;

Vtila clone 103.3 (Rizzoli et al,, 2006)
mouse monoclonal;

a-SNAP clone 77.1 SySy

B-actin mouse monoclonal; Sigma

clone AC-15
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2.2 Chemicals and Reagents

All standard chemicals were purchased from Sigma or Merck KGaA, Darmstadt
(www.merck.de). Streptavidin-coated Qdots (525, 565, 605 and 655) and multicolor

TetraSpeck™ beads (diameter of 100 or 200 nm) were purchased from Invitrogen

GmbH, Darmstadt (www.invitrogen.com). Dynasore was purchased from ChemBridge

Corporation, San Diego, CA, USA (www.chembride.com) and used at a concentration of

80 uM. Methyl-B-cyclodextrin was purchased from Sigma. The buffers and solutions

used throughout the study are listed in Table 2-2.

Table 2-2: Buffers and solutions

Solution Ingredients
Homogenization buffer 250 mM sucrose, 3 mM imidazole, pH 7.3
Mowiol 6 g glycerol AR, 2.4 g Mowiol® 4-88 (Merck), 6 ml H20, 12 ml 0.2 M Tris, pH 7.2

124 mM NaCl, 5 mM KCl, 2 mM CaClz, 1 mM MgClz, 30 mM glucose and 25 mM

Normal Tyrode HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.4

Phosphate buffered saline

(PBS) 150 mM NaCl, 20 mM NazHPOs, pH 7.4

130mM NaCl, 4mM KCl, 48mM glucose, 10mM HEPES, 5mM CaCl2, 1mM

PC12 saline MgCl2, pH 7.3

10 mM glucose, 5 mM KCl, 140 mM NacCl, 5 mM NaHCOs3, 1 mM MgClz, 1.2 mM

Sodium buffer NazHPO4, 20 mM HEPES, pH 7.4

Sucrose buffer 320 mM sucrose, 5 mM HEPES, pH 7.4

Plasmid DNA for transfections was prepared either with the EndoFree Plasmid

Maxi Kit from Qiagen GmbH, Hilden (www.giagen.com) or with the NucleoBond PC 500

maxi kit from Machery-Nagel GmbH & Co. KG, Diiren (www.mn-net.com), according to
the supplier’s protocol.

Rab5-GFP constructs (wild-type Rab5 or the dominant active (Q79L) mutant)
were Kindly provided by Mikael Simons (Max-Planck Institute of Experimental Medicine,
Gottingen). The constructs have been previously tested in PC12 cell culture and were
found to be functional (Bethani et al., 2007).

The constructs for expression of the dominant-negative soluble Syntaxin 13
fragment were designed by cloning the cytosolic domain of Syntaxin 13 (aa 1-250) or
the cytosolic domain lacking the SNARE domain (aa 1-186) into the pIRES2-AcGFP1

vector (Clontech Laboratories, Inc., Mountain View, CA, USA; www.clontech.com). Via its

internal ribosomal entry site (IRES), this construct drives the expression of GFP and

soluble Syntaxin 13 fragment from one mRNA. As the Syntaxin 13 fragment is not fused
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to the GFP, this approach avoids any tagging artifacts, while transfected cells can still be
readily identified by the simultaneously expressed GFP. The expression of Syntaxin 13
was confirmed by performing immunostainings in PC12 cells, showing that all GFP
positive cells also expressed cytosolic Syntaxin 13. Cloning of soluble Syntaxin 13
fragments was performed with the help of I. Bethani and F. Opazo (STED Microscopy of

Synaptic Function, European Neuroscience Institute Géttingen).

2.3 Microscopy

2.3.1 Epi-fluorescence microscopy

All filters were purchased from Chroma Technology Corporation, Bellow Falls, VT, USA

(www.chroma.com) and are listed in Table 2-3.

Table 2-3: Filter-sets used for epi-fluorescence microscopy

Name of filter Exciter Beamsplitter Emitter
DAPI 350/50D 400 DCLP 460/50 D
Alexa 488 480/40 HQ 505LPQ 527/30 HQ
TRITC 545/30 HQ 570LPQ 610/75 HQ
Cy5 620/60 HQ 660 LP Q 700/75 HQ

2.3.1.1 Olympus setup

An inverted Olympus IX71 microscope (Olympus Europa Holding GmbH, Hamburg;

www.olympus.de/microscopy), equipped with an F-View II CCD camera (12 bit; 1376 x

1032 pixels; 6.45 um pixel size), was used for most standard applications. All objectives

used with this setup were from Olympus and are listed in Table 2-4.

Table 2-4: Olympus objective specifications

Magnification Numerical Aperture Immersion type Lens type
100x 1.45 0il PlanApo TIRF
100x 1.4 0il UPlanSApo
60x 1.35 0il UPlanSApo
40x 0.75 Dry UPlanFL N
20x 0.5 Dry UPlanFL N
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2.3.1.2 Zeiss Axiovert setup
A Zeiss Axiovert 200M microscope (Carl Zeiss Microlmaging GmbH, Jena;

www.zeiss.de/mikro), equipped with a 100x, 1.4 NA oil immersion objective and a

Princeton Instruments CCD camera (Princeton Instruments, Trenton, NJ, USA;

www.princetoninstruments.com) with a Kodak chip (Eastman Kodak Company,

Rochester, NY, USA; www.kodak.com; 12 bit; 1317 x 1035 pixels; 6.8 um pixel size), was

used for the optimizations of the assay using isolated synaptic vesicles on glass
coverslips (see 2.12) and for some of the final experiments using this assay.
Alternatively, the Olympus setup (above) was used for this assay. The results from both
setups were pooled because the comparison of control stainings revealed no detectable

difference between the datasets.

2.3.1.3 Zeiss Examiner setup

For accurate detection of low signals, an upright Zeiss Examiner.Z1 microscope was
equipped with the Olympus 100x, 1.45 NA TIRF objective (see Table 2-4) and with a
high-sensitivity QuantEM:512SC EM-CCD camera (Photometrics, Tuscon, AZ, USA;

www.photomet.com; 16 bit; 512 x 512 pixels; 16 pum pixel size).

2.3.1.4 Zeiss Axioskop setup

Photo-oxidation illumination and monitoring was performed with an upright Zeiss
Axioskop 2 microscope, using the Olympus 20x, 0.5 NA objective (see Table 2-4). Images
were acquired with a Zeiss AxioCam Mrm CCD camera (12 bit; 1388 x 1040 pixels; 6.45

um pixel size).

Table 2-5: Laser lines for confocal laser scanning microscopy

Laser Excitation lines

Argon (100 mW) 458 nm, 476 nm, 488 nm, 496 nm, 514 nm
HeliumNeon (1 mW) 543 nm

HeliumNeon (2 mW) 594 nm

HeliumNeon (10 mW) 633 nm
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2.3.2 Confocal and stimulated emission depletion microscopy

2.3.2.1 Standard Leica setup
Standard confocal and single color stimulated emission depletion (STED) imaging were
performed using a Leica TCS STED microscope (Leica Microsystems GmbH, Wetzlar;

www.leica-microsystems.com), equipped with a Leica 100x, 1.4 NA STED oil immersion

objective. The appropriate excitation laser lines (see Table 2-5) are combined by an
acousto-optical tunable filter (AOTF). The STED dye (Atto 647N) was excited with a 635
nm diode laser and depletion was stimulated at 750 nm, using a Spectra-Physics MaiTai

tunable laser (Newport Spectra-Physics GmbH, Darmstadt; www.newport.com).

Appropriate detection bands were set via acousto-optical beam splitters (AOBS).
Standard confocal signals were detected using photomultiplier tubes (PMT); STED

signals were detected using the more sensitive avalanche photodiode (APD).

2.3.2.2 Live-STED setup

Video-rate (28 frames per second) live-STED imaging was performed largely as
described (Westphal et al., 2008) with the help of V. Westphal (NanoBiophotonics, MPI
for Biophysical Chemistry, Gottingen). A second pulsed laser diode (picoTA 490;

TOPTICA Photonics AG, Gréfelfing; www.toptica.com) was added for the excitation at

490 nm (for the GFP). The laser was coupled into a polarization-maintaining single
mode fiber and the collimated output was collinearly combined with the 637 nm
excitation (for Atto 647N) using a dichroic mirror. A second detection channel (for the
GFP) was implemented by splitting the emitted light after the confocal pinhole with a
Semrock FF458 dichroic mirror featuring a second edge at 609 nm (Semrock, Rochester,
NY, USA; www.semrock.com). The lower wavelength portion was directed through an

emission filter (HQ525/60m) onto a second avalanche photodiode (SPCM-AQR13;

PerkinElmer Inc., Waltham, MA, USA; www.perkinelmer.com).

2.3.2.3 2-color STED setup

2-color STED microscopy was performed with a similar setup as described previously
(Wildanger et al,, 2008). Imaging was performed with the help of A. Punge and ]J.
Biickers (NanoBiophotonics, MPI for Biophysical Chemistry, Gottingen). Two
arrangements of excitation and depletion (STED) laser beams were combined, all beams
being provided by a single super continuum laser source (SC-450 HP, Fianium Ltd,

Southampton, UK; www.fianium.com). The excitation wavelengths were set to 570 *

5 nm (for Atto 590) and 650 = 5 nm (for Atto 647N). The depletion wavelengths were
set to 720 = 10 nm (Atto 590) and 755 + 15 nm (Atto 647N). The fluorescence of the
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dyes was detected in the spectral ranges of 600-640 nm for Atto 590 and 660-690 nm
for Atto 647N, respectively. Imaging was performed using a Leica 100x, 1.4 NA oil
objective (PL APO 100x/1.40-0.7 Oil). Crosstalk between the two detection channels

was eliminated by means of linear unmixing.

2.3.3 Electron microscopy
Transmission electron micrographs were acquired using a Zeiss EM 902A electron
microscope, equipped with a Proscan CCD camera (Proscan CCD HSS 512/1024; Proscan

elektronische Systeme, Lagerlechfeld; www.proscan.de; 8 bit; 1024 x 1024 pixels).

2.4 Neuronal Cell Culture

Primary cultures from P1 rat Hippocampus were prepared as described (Willig et al,,
2006). Briefly, hippocampi were dissected and dissociated. Neurons were plated on an
astrocyte feeding layer (which had been grown for one week) and the medium was

replaced two days after plating.

2.5 Preparation of Lumenally Labeled Synaptic Vesicles

To compare the protein composition of actively recycling synaptic vesicles and the total
pool of vesicles in an in vitro assay, the actively cycling vesicles had to be specifically
labeled. To this end, synaptic vesicle enriched LS1-fractions were prepared according to

a modified protocol from De Camilli and coworkers (Huttner et al., 1983; see below).

2.5.1 Preparation of active synaptosomes

Two rat brains were collected into 30 ml ice-cold sucrose buffer (320 mM sucrose, 5 mM
HEPES, pH 7.4). Unless otherwise noted, the preparation was kept on ice at all times and
all centrifugations were performed at 4°C. Homogenization with a 50 ml Teflon-glass
homogenizer (10 strokes at 900 rpm) was followed by centrifugation at 5000 rpm for 2
minutes in an SS34 rotor (Thermo Fisher Scientific Inc., Waltham, MA, USA;

www.thermofisher.com) to pellet large cellular fragments, blood cells and nuclei

(fraction P1). Re-centrifugation of the supernatant (fraction S1) at 11,000 rpm for 12
minutes resulted in a pellet mainly consisting of synaptosomes, mitochondria and
myelin (fraction P2). The supernatant was discarded and the pellet (except for the
brown mitochondrial component) was re-suspended in 4 ml sucrose buffer. The

solution was loaded onto two Ficoll step-gradients (from top to bottom: 4 ml 6%, 1 ml
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9% and 4 ml 13% Ficoll in sucrose buffer) and centrifuged at 22,500 rpm for 35 minutes

in an SW41 Ti rotor (Beckman Coulter Inc., Brea, CA, USA; www.beckmancoulter.com).

The bands at the 6%/9%-interface and at the 9%/13%-interface from both gradients
were combined and diluted in 20 ml sucrose buffer. Re-centrifugation to remove
residual Ficoll was performed at 11,000 rpm for 12 minutes in an SS34 rotor, yielding a

pellet containing relatively pure and active synaptosomes (fraction P2").

2.5.2 Labeling of actively recycling synaptic vesicles

The pellet containing active synaptosomes (fraction P2’) was re-suspended in 20 ml
sodium buffer (10 mM glucose, 5 mM KCl, 140 mM NaCl, 5 mM NaHCO3, 1 mM MgCl,, 1.2
mM Na;HPO4, 20 mM HEPES, pH 7.4) and centrifuged at 6,000 rpm for 6 minutes in an
SS34 rotor. The resulting pellet was gently re-suspended in 6 ml sodium buffer and
warmed up to 37°C in a water bath. To avoid sedimentation of the synaptosomes, the
sample was shaken at 135 rpm while incubating for 15-20 minutes. Subsequently, the
synaptosomes were equilibrated with 1.3 mM CaCl; and the fluorescent probe to be
endocytosed. The final concentrations of the probes were 400 uM for FM 2-10
(Invitrogen) and 15 pg/ml for the anti-Synaptotagmin 604.2-Oyster550 antibody (sytium,
see Table 2-1). Stimulation of the synaptosomes was achieved by adding 50 mM KCl and
incubating for 5 minutes at 37°C. The synaptosomes were returned to a resting state by
adding 20 ml ice-cold sodium buffer and pelleting them at 6,000 rpm for 4-5 minutes in
an SS34 rotor. Non-internalized dye was washed away by re-suspending in 10-20 ml ice-
cold sodium buffer and pelleting at 6,000 rpm for 4-5 minutes in an SS34 rotor. This
washing procedure was repeated three times before the synaptosomes were finally re-
pelleted. After removing the buffer, the pellet was gently rinsed with ddH,0 (double
distilled water) to eliminate all buffer traces. At this stage, the synaptosomal
preparation contains actively recycling (recently endocytosed) synaptic vesicles that are

lumenally (internally) labeled with FM 2-10 or 604.2-0Oyster550.

2.5.3 Isolation of LS1-fraction synaptic vesicles

Labeled synaptosomes (fraction P2’) were broken by hypo-osmotic lysis as follows. The
soft pellet from the synaptosome preparation was homogenized by 5-10 strokes at
2,000 rpm after transferring it into a 5 ml homogenizer and adding 6-9 volumes of
ddH;0. Protease inhibitors (1 pg/ml Pepstatin A, 1 mM phenyl-methane-sulphonyl-
fluoride [PMSF]) were added immediately after lysis. The liberated organelles were
quickly suspended by adding % of the total lysate’s volume of a 5x homogenization
buffer stock (resulting concentration: 250 mM sucrose, 3 mM imidazole, pH 7.3). To

remove large membranes and large organelles, a final centrifugation step at 25,000 rpm
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was performed for 20-30 minutes in a TLA-100.3 rotor (Beckman Coulter). The
supernatant (fraction LS1) was collected, snap-frozen in liquid nitrogen and stored at

—80°C until use.

2.5.4 Determination of protein concentration

The protein concentrations of the LS1-fractions were determined by means of Bradford
assay (Bradford, 1976). Briefly, the Coomassie G-250 dye binds to protein, resulting in a
red-shifted absorption maximum of the dye (from 465 nm to 595 nm). As a measure of
total protein concentration, the absorption at 595 nm is monitored photometrically. The
protein concentration is calculated from a standard curve, measured from solutions of
known protein concentration (bovine serum albumin fraction V (BSA); AppliChem

GmbH, Darmstadt; www.applichem.de).

2.6 PHluorin Expression and Imaging

2.6.1 PHluorin constructs

Superecliptic pHluorin (Miesenbock et al., 1998) was obtained with the agreement of
the Sloan-Kettering Institute for Cancer Research, NY, USA, and Leon Lagnado (MRC
Laboratory of Molecular Biology, Cambridge, UK) kindly provided SynaptopHluorin
(Synaptobrevin fused to pHluorin). Phluorin constructs were prepared with the help of
S. V. Barysch (STED Microscopy of Synaptic Function, European Neuroscience Institute

Gottingen).

Table 2-6: Primers for SNARE Amplification

SNARE Primer 1 Primer 2

Svntaxin 13 CCGCTCGA-GCACCATG-TCCTACGG- ACGTCACC-GGTTCTTA-GAAGCAAC-
y TCCCTTAG CCAGATAA-C

Vtila ATCCGCTC-GAGCACCA-TGTCAGCC- TATCGGGA-TCCCGGTG-TCCTCTGA-

GACTTCGA-AGG CAAAAAAA-GTG

Svntaxin 6 ATCCGCTC-GAGCACCA-TGTCCATG- TATCGGGA-TCCCGCAG-CACTAAGA-
y GAGGACCC-CTTC AGAGGATG-AGC

Syntaxin 1 ATCCGCTC-GAGCACCA-TGAAGGAC- ATACGTCA-CCGGTTTC-CAAAGATG-
y CGAACCCA-GG CCCCCGAT-GG
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For the generation of the other SNARE-pHluorins (Syntaxin 13, Syntaxin 6, Vtila,
Syntaxin 1), a pHluorin entry vector was constructed on the basis of the pEGFP-N1
vector (Clontech). PHluorin, containing an N-terminal linker sequence (AGCGGCGG-
AAGCGGCG-GGACCGGT-GGA), was amplified by polymerase chain reaction (PCR) from
the SynaptopHluorin construct using the primers CGGGATCC-AAGCGGCG-GAAGCGGC-
GGGA and ATAGTTTA-GCGGCCGC-TCATGCCA-TGTGTAT-CCCAGC. The enhanced-GFP
was then replaced by the resulting PCR fragment after BamHI and Notl restriction. The
SNAREs were amplified by PCR using the primers shown in Table 2-6. Syntaxin 1 and
Syntaxin 13 were cloned into the pHluorin entry vector via Xhol and Agel/Xmal (SNARE
PCR fragment digested with Xhol and Agel, vector digested with Xhol and Xmal),
Syntaxin 6 and Vtila via Xhol and BamHI. PCR was performed using the New England
Biolabs Phusion® high fidelity kit (New England Biolabs Inc., Ipswich, MA, USA;
www.neb.com). T4 ligase and restriction enzymes were purchased from New England
Biolabs. Constructs were sequenced by Eurofins MWG GmbH, Ebersberg

(www.eurofinsdna.com). All constructs were generated from rat (rattus norvegicus)

sequences.

2.6.2 PHluorin expression
Hippocampal cultures were transfected between 7 and 11 days in vitro (DIV) with the
pHluorin constructs by magnetofection. NeuroMag para-magnetic beads (0Z

biosciences, Marseille, France; www.ozbiosciences.com) were used according to the

supplier’s protocol. In brief, 2 pg DNA were diluted in 100 pl Neurobasal-A medium
(Invitrogen; supplemented with 10 mM MgCl, and 5 mM HEPES, adjusted to pH 7.5) and
added to 7 pl NeuroMag beads. DNA-bead-complexes were allowed to form for 15-20
minutes at room temperature, before adding drop-by-drop onto neurons grown on an
18 mm coverslip. Finally, the culture plate was placed on a super magnetic plate (OZ
Biosciences) in the culture incubator for 15 minutes to precipitate the DNA-bead-

complexes on the cells.

2.6.3 PHluorin imaging and analysis

PHluorin imaging was generally performed 24 hours after transfection. Cells were
incubated for 10 minutes with anti-Synaptotagmin antibody (against the lumenal
domain; clone 604.2; see Table 2-1 above) directly labeled with the fluorescent dye
Oyster550 and then briefly washed twice. This procedure labels actively exo-
/endocytosing synaptic vesicles and thus active synaptic boutons (Willig et al., 2006).
Cultures were stimulated using a custom-made platinum plate electrode (8 mm distance

between the 2 electrodes) by delivering 100-milliampere shocks at 20 Hz, using an A385
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High Current Isolator and an A310 Accupulser Signal Generator (both from World

Precision Instruments, Sarasota, FL, USA; www.wpiinc.com). Stimulation was either
performed for 2 seconds or 30 seconds, to release the readily releasable pool (RRP) or
the recycling pool vesicles, respectively. Images were acquired at 3.3 frames per second
with 100 ms exposure time using the Olympus setup (see 2.3.1.1), equipped with the
40x, 0.75 NA objective. To enable fast data transfer to the computer, images were
acquired with 2x2 pixel binning. The pHluorin was imaged with the Alexa 488 filter, the
Synaptotagmin (Oyster550) was imaged with the TRITC filter (see Table 2-3 for filter
specifications).

PHluorin data analysis was performed largely as described (Mitchell and Ryan,
2004). Briefly, those boutonal areas increasing in fluorescence during stimulation were
identified as active boutons for analysis. The change in fluorescence of these areas was
calculated for each frame as the difference between the fluorescence in the particular
frame and the initial (pre-stimulation) fluorescence (delta F or dF). This dF was
normalized by dividing by the initial fluorescence, yielding dF /F.

The maximum pHluorin response to ammonium chloride treatment (by puffing
of a 100 mM ammonium chloride in phosphate buffered saline [PBS: 150 mM Nacl, 20
mM Na;HPO4, pH 7.4]; resulting NH4Cl concentration of ~70 mM) was obtained as a
measure of the total pool of pHluorin molecules. As the NH4Cl eliminates any pH
differences between intracellular organelles and extracellular medium, all pHluorin
molecules are de-quenched and become brightly fluorescent. By dividing the dF/F,
traces by the total pHluorin pool measurements (from NH4Cl application), we obtained a
trace of the fraction of pHluorin molecules mobilized with respect to the initial surface
expression. As pHluorin bleaching caused a gradual shift in baseline fluorescence even
in absence of pHluorin quenching/de-quenching, we first fitted the final post-
stimulation frames by linear regression (the initial pre-stimulation frames for Syntaxin
1; stronger bleaching due to higher surface expression causes different bleaching
behavior after initial bleaching here). The obtained bleaching coefficient was then used
to correct the pHluorin traces for bleaching.

To determine the fraction of the individual pHluorins present on the surface (in

the plasma membrane), we needed to solve the following equation:
*
FpH7.4 ) Rq/d FNH4CI

surface fraction = - ,
(1'Rq/d) FNH4CI

where Fpu74 is the steady state fluorescence at neutral pH (with contributions from both

de-quenched pHluorin on the surface and quenched pHluorin inside acidic organelles),
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Rq/d is the intensity ratio of quenched over de-quenched pHluorin (a property of the
pHluorin) and Fnnuac is the fluorescence upon NH4Cl application (which de-quenches all
pHluorin). Note that this formula reports a surface fraction of 1 if Fyu7.4 = Fynaci (which is
true if all pHluorin is on the surface and thus de-quenched), and a surface fraction of 0 if
Fpu74 = Rgsa * Fnuaa (which is true if all pHluorin is in internal organelles and thus
quenched). As Fyuaci and Fpuz4 can be directly measured in our experiments (see above),
we only needed to determine Rq/q in order to be able to calculate the surface fraction of
our pHluorins. To this end, we sequentially measured the fluorescence of flat
oligodendrocyte processes expressing SynaptopHluorin at pH 5.5 and pH 7.4, and found
Rq/da to be 0.097 + 0.019 (mean # standard error of the mean [SEM]). This procedure is
valid, as these processes do not contain any intracellular (vesicular) SynaptopHluorin
contributing to the signal, so that the measured change in fluorescence can be solely
attributed to the pH-dependence of the pHluorin on the surface of these processes.
Using the formula above we could then determine the surface fraction of each of our

pHluorins.

2.7 Photo-oxidation Electron Microscopy

Hippocampal cultures (9-13 DIV; grown as above but plated on Thermanox

coverslips, Plano GmbH, Wetzlar, www.plano-em.de) were incubated with the
amphiphilic dye FM 1-43 (10 uM in normal Tyrode: 124 mM NacCl, 5 mM KCI, 2 mM CaCl-
2, 1 mM MgCl;, 30 mM glucose and 25 mM HEPES, pH 7.4) for 10 seconds before
stimulating at 20 Hz for 2 seconds (the RRP stimulus), using the same stimulator as
above. After stimulation, the cultures were allowed to rest for various intervals (4, 10
and 30 seconds), before fixation by plunging in ice-cold glutaraldehyde (2.5% in PBS).
The diaminobenzidine (DAB) incubation, photo-oxidation and electron
microscopy processing were performed according to Rizzoli and Betz (Rizzoli and Betz,
2004) as follows. The samples were washed 2x 10 minutes in PBS, quenched with 100
mM NH4Cl in PBS for 20 minutes and washed for 10 more minutes in PBS before
incubation with diaminobenzidine (1.5 mg/ml) for 30-45 minutes (all steps at 4°C). The
DAB was replaced for fresh DAB and illumination was started using an Alexa 488 filter
set (Table 2-3) and the Olympus 20x, 0.5 NA objective (Table 2-4). The formation of the
electron-dense precipitate can be monitored both in brightfield and in fluorescence (see
Figure 2-1). We typically allowed a dark brown precipitate to form over a period of

about 45 minutes.
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Figure 2-1: Diaminobenzidine photo-oxidation of neurons labeled with FM 1-43
Hippocampal neurons were labeled with FM 1-43 and fixed with glutaraldehyde. Neurons were
then incubated with diaminobenzidine and illuminated through the Alexa 488 filter set (Table
2-3) and a 20x, 0.5 NA objective (Table 2-4). Brightfield (top panels) and fluorescence (bottom
panels) images were acquired to visualize the formation of the electron dense diaminobenzidine
precipitate (black). The precipitate first becomes apparent around 20 minutes after the
beginning of illumination. Note that the fluorescence is completely bleached before any dark
precipitate appears. Scale = 50 pm.

fluorescence brightfield

Following photo-oxidation, the samples were placed in PBS to excise the photo-
oxidized region from the plastic coverslip. The PBS was then replaced with 400 pl of 1%
osmiumtetroxide (0s04) in PBS and incubated for one hour at room temperature. The
0s04 was removed and the samples were washed 2x 5 minutes with PBS. The samples
were dried by serial ethanol dehydration (30% EtOH for 5 minutes; 50% EtOH for 5
minutes; 70% EtOH for 5 minutes; 90% EtOH for 10 minutes; 95% EtOH for 2x 10
minutes; 100% EtOH for 3x10 minutes) and infiltrated with a 1:1 dilution of Epon and
100% EtOH over night. The 50% Epon was replaced with 100% Epon for at least 6
hours before placing the samples to dry / cure over night (~18 hours) at 60°C. Samples
were finally cut into thin sections and imaged with the transmission electron

microscope (2.3.3).
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Figure 2-2: Relative density of labeled and unlabeled vesicles after photo-oxidation.

The relative density is the ratio between the density of the vesicle lumen and the vesicle
membrane, which is less than 1 for unlabeled vesicles (black) and greater than 1 for labeled
vesicles (red) (Rizzoli and Betz, 2004). Note that unlabeled and labeled vesicles can be easily
distinguished for all time points of post-stimulation incubation, as the two distributions are
always well differentiated. The graphs show histograms from at least 200 vesicles for each
condition.
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No post-staining of the sections was performed, allowing for unambiguous
identification of labeled vesicles for all three time points. We determined the relative
density of vesicles identified as labeled or unlabeled by measuring the ratio of the
density of the vesicle lumen over the density of the vesicle membrane (Rizzoli and Betz,
2004). These measurements confirmed our identification of labeled vesicles, as the
density ratio distributions of labeled and unlabeled vesicles showed minimal overlap
(see Figure 2-2). The vesicle diameters were determined by manually drawing line scans
on the images, using a routine written in Matlab (The MathWorks Inc., Natick, MA, USA;

www.mathworks.com).

2.8 Quantum Dot Imaging and Analysis

Hippocampal cultures (grown as above) were incubated with 5 pg/ml anti-
Synaptotagmin lumenal domain antibodies (coupled to biotin; see Table 2-1), for 7
minutes on ice in normal Tyrode buffer. After a brief wash, the antibodies were labeled
for 7 minutes with streptavidin-coated quantum dots (Qdots; Invitrogen), using a
mixture of Qdot 525, Qdot 565, Qdot 605 and Qdot 655, each at a concentration of 10
nM. The Qdots were washed-off, the preparations were brought to room temperature
and RRP stimulation was performed (20 Hz for 2 seconds, as above). As in the photo-
oxidation experiments, the samples were fixed by plunging in ice-cold 4%
paraformaldehyde after on interval of 4, 10 or 30 seconds after stimulation. The
preparations were quenched with 100 mM NH4Cl and finally mounted in Mowiol (6 g
glycerol AR, 2.4 g Mowiol® 4-88 (Merck), 6 ml H20, 12 ml 0.2 M Tris, pH 7.2; Willig et al,,
2006), before the imaging was performed with the Leica STED setup (see 2.3.2.1) in
confocal mode. The excitation for all Qdots was performed at 488 nm and the emission
light was detected at the appropriate 20 nm wavelength windows (515-535 nm, 555-
575 nm, 595-615 nm and 645-665 nm, set via AOTF) using PMTs.

The images were analyzed by custom-written Matlab routines as follows. First,
the position (center of mass) of each Qdot was determined with sub-pixel accuracy,
followed by measurement of the distance to its closest neighbor in any of the four color
channels (exactly as described, Geumann et al., 2008). The use of four spectrally
different Qdots is advantageous for these experiments because of the limited spatial
resolution provided by fluorescence microscopy (Abbe, 1873): two objects closer to
each other than the diffraction limit of light cannot be resolved unless measured
separately. This could be achieved for example by measuring the objects at different

time points (Betzig et al., 2006; Rust et al., 2006) or in different colors (see discussion in
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Geumann et al,, 2008). Here, the use of four spectrally separable Qdots allows distance
measurements beyond the limitations of diffraction-limited optics, at least when
measuring distances between Qdots localized in different color channels; thus, the more
color channels are used, the more distances can be measured. Although in principle we
could combine even more than four Qdots (due to their narrow emission spectra), the
possible number of different Qdots is limited by the number of PMTs provided by the

microscope (four in our case).

2.9 Rab5-GFP Expression and Imaging

2.9.1 Endosomal trafficking in PC12 cells

PC12 cell culture, endocytic probes and data analysis were as described before (Bethani
et al, 2009). Briefly, PC12 cells were transfected with wild-type or dominant active
(Q79L) Rab5-GFP using Lipofectamin 2000 (Invitrogen) according to the supplier’s
protocol. One day after transfection, the cells were briefly washed with PC12 saline
(130mM NacCl, 4mM KCl, 48mM glucose, 10mM HEPES, 5mM CaCl2, 1mM MgCl2, pH 7.3)
to remove the culture medium. Afterwards, the cells were labeled with various
endocytic probes: For Transferrin (Tf) uptake, the cells were incubated for 5 minutes at
37°C with 50 pug/ml Tf-Alexa594. For Tf release, the cells were labeled in the same
fashion, but were then briefly washed twice with PC12 saline and afterwards incubated
at 37°C for 10 more minutes in the absence of Tf. For low-density lipoprotein (LDL)
uptake, the cells were incubated for 5 minutes at 37°C with 5 pg/ml LDL-Dil. For
dextran uptake, the cells were incubated for 5 minutes at 37°C with 1 mg/ml dextran-
Alexa594. For cholera toxin beta subunit (CTxB) uptake, the cells were pre-incubated for
30 minutes on ice with 10 pg/ml CTxB-Alexa647; after briefly washing 3 times with
PC12 saline, the cells were incubated at 37°C for 40 minutes in absence of CTxB, to allow
the toxin to reach the Golgi. Finally, all preparations were briefly washed twice, fixed in

4% paraformaldehyde (in PBS), quenched with 100 mM NH4Cl (in PBS) and embedded

in Dako mounting medium (Dako Denmark A/S, Glostrup, Denmark; www.dako.com) for
imaging.

Data analysis was performed using custom-written Matlab routines, as follows. A
threshold was applied to identify the Rab5-GFP transfected (green) cells. The intensity
of endocytic label (red) in transfected cells was determined and normalized to the

intensity in untransfected cells on the same coverslips.
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2.9.2 Rab5-GFP expression and confocal Imaging

Hippocampal cultures were prepared as above and were transfected between 7 and 13
DIV with the Rab5-GFP constructs (wild-type or the dominant active Q79L mutant)
using NeuroMag para-magnetic beads (OZ biosciences) according to the supplier’s
protocol. Alternatively, we used lipofectamin transfection (Lipofectamin 2000,
Invitrogen) or CaPOs transfection (according to Xia et al, 1996). The different
transfection protocols were used to test for method-specific errors. As no substantial
differences could be observed in either the density of GFP-positive organelles, or the
general neuronal morphology, all results were pooled. 2-3 days after transfection, the
preparations were incubated at 37°C for 5 minutes in presence of antibodies against the
lumenal (exposed) domain of Synaptotagmin I (604.2, see Table 2-1). Afterwards, the
preparations were fixed (4% paraformaldehyde for 45 minutes), permeabilized (0.1%
triton X-100 for 15 minutes) and incubated with secondary antibody (goat anti-mouse
coupled to Atto 647N; 1 hour in a humidified chamber) to visualize the anti-
Synaptotagmin antibody. Alternatively, a directly labeled anti-Synaptotagmin antibody
(604.2 coupled to Atto 647N; see Table 2-1) was used.

In a different set of experiments, neurons grown and transfected in the same
fashion were incubated in presence of the same antibody on ice (to block endocytosis,
see Figure 3-15) for 5 minutes (compare Willig et al.,, 2006). The antibody was briefly
washed off and the samples were brought to room temperature, before applying an RRP
releasing stimulus (20 Hz / 2 seconds) or a recycling pool releasing stimulus (20 Hz / 30
seconds) as above. After a resting period of 10 seconds (to allow transit of labeled
vesicles to endosomes; compare with section 2.7), the samples were fixed and further
processed as above, followed by thin sectioning as below (section 2.9.3).

Conventional confocal imaging was performed with the Leica STED setup (see
section 2.3.2.1) in confocal mode. Z-stacks were acquired through the endosomes at 300
nm Z-intervals. Excitation was achieved with the 488 nm Argon laser line (for GFP) and

the 633 nm HeNe laser (for Atto 647N), emission was detected with PMTs.

2.9.3 Thin section STED imaging

Sample processing for plastic embedding and thin sectioning was performed exactly as
previously described (Punge et al., 2008). Imaging was performed with the Leica STED
setup (see section 2.3.2.1). For STED imaging, excitation was performed with the 635
nm diode laser, depletion was achieved with the MaiTai tunable laser at 750 nm and the
signal was detected with an APD. The system resolution limit is ~70-80 nm, measured

by analysis of crimson-fluorescent beads (20 nm diameter, purchased from Invitrogen).
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GFP signal was imaged by immunostaining the GFP moiety using the rabbit polyclonal
ab290 antibody (Abcam; see Table 2-1), detected via Cy3-labeled secondary antibodies.
This step is necessary, as the GFP fluorescence is not preserved after plastic embedding.
Imaging of the Cy3 fluorescence was performed in confocal mode, using the 543 nm
HeNe laser line (Table 2-5) for excitation and a PMT for detection.

Data was analyzed using custom-written routines in Matlab, as follows.
Rectangular regions of interest (ROIs) were selected in areas containing endosomes
(identified in the GFP channel). The area covered by endosomes (green) was determined
by applying an automatic threshold 1.5-fold higher than the mean intensity of the ROI
(which was empirically determined to function well for our ROIs). A similar threshold
was applied to the Synaptotagmin channel (red) and the amount of overlap was
determined as the relative area of endosomes covered by vesicle staining (relative
number of pixels). The values were normalized to a positive colocalization control,
which was obtained by double immunostaining with two anti-Synaptotagmin antibodies
(604.2 coupled to Atto 647N and 604.2 coupled to Oyster550; see Table 2-1), before
fixation and thin-section processing, as above (see also: Punge et al., 2008; Opazo et al,,
2010). The imaging for this control was performed exactly as above; the overlap
between the STED (Atto 647N) Synaptotagmin signal and the confocal (Oyster550)
Synaptotagmin signal was 27.55 * 2% (mean * SEM of three independent experiments)
of the surface occupied by the confocal signal. This relatively low overlap is to be
expected, as the lower resolution in the Oyster550 imaging (single spot Full width at half
maximum [FWHM] ~267 nm) renders the spots substantially larger than the Atto 647N
spots. Due to a change in image quality for the experiments with electrical stimulation
(Figure 3-9 D), the thresholding had to be slightly adjusted, resulting in an overlap of
22.62 * 3.3% (mean * SEM of three independent experiments) for the colocalization

control experiment.

2.9.4 Live STED imaging and analysis

Hippocampal cultures were grown and transfected with the dominant active (Q79L)
Rab5-GFP mutant as above. Synaptic vesicles were labeled with directly labeled anti-
Synaptotagmin antibodies (604.2 directly labeled with Atto 647N; see Table 2-1) in
normal Tyrode buffer for 5 minutes on ice. Antibodies were quickly washed-off before
imaging at 28 frames per second. The imaging was performed using a live STED setup,
as described (Westphal et al, 2008). A second excitation/emission channel was

implemented allowing for simultaneous Rab5-GFP imaging (see 2.3.2.2 for details). The
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samples were either imaged at rest or during a 30 second stimulation at 20 Hz (the
recycling pool stimulus; stimulation was performed as in section 2.6.3).

Data was analyzed using custom-written routines in Matlab, as follows. Summed
images were obtained by adding all frames of the movies. Naturally, this procedure blurs
the images, but provides an overall impression of the areas occupied by endosomes and
vesicles during the entire acquisition time. Rectangular ROIs were selected in the areas
occupied by the endosomes and the Pearson’s correlation coefficients were calculated
between the ROIs in the green (endosome, GFP) and red (vesicles, Synaptotagmin)

channels.

2.10 Blocking Endosome Function with Soluble Syntaxin 13 Fragment

2.10.1 Syntaxin 13 expression, imaging and analysis

Hippocampal cultures were grown as above. Soluble Syntaxin 13 fragments (amino
acids 1-250; or amino acids 1-186, a fragment also lacking the SNARE domain) were
expressed from a GFP plasmid using an internal ribosomal entry site (IRES) to avoid any
effects on the Syntaxin 13 fragment that would be caused by the presence of a GFP-tag
(see section 1.1). As a control for general effects of transfection, we expressed GFP alone.

1-2 days after transfection, the cells were used for various staining protocols to
determine the sizes of vesicle pools. To determine the total amount of vesicles, the
cultures were directly fixed and immunostained against Synaptophysin (using the G96
serum (see Table 2-1) and Cy3-conjugated antibodies for secondary detection).
Alternatively, the preparations were stimulated at 20 Hz in presence of 10 uM FM 4-
64FX (Invitrogen), either for 30 seconds to label the recycling pool vesicles, or for 2
seconds to label only the RRP. Both of these preparations were allowed to recycle
vesicles for another 30 seconds before fixation. To test whether the labeled RRP vesicles
can be re-released, the preparations were washed for 10 minutes and subsequently
subjected to a second stimulation train (20 Hz / 30 seconds), before continuing with
fixation. Finally, to label spontaneously releasing vesicles, the cells were incubated with
10 uM FM 4-64FX in presence of 1 uM tetrodotoxin (TTX; to block action potential
evoked synaptic vesicle release) for 15 minutes, directly followed by fixation. After
fixation (and secondary Cy3 immunostaining for the total pool samples), all
preparations were embedded in Mowiol and imaged with the Leica STED setup (see
2.3.2.1) in confocal mode. The Argon 488 nm and the HeNe 543 nm laser lines (Table
2-5) were used for GFP and FM 4-64FX / Cy3 excitation, respectively.
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The intensity of the vesicle labeling (immunostaining or FM-dye staining) was
determined by custom-written routines in Matlab, as follows. Rectangular ROIs were
selected in the GFP channel and the GFP-positive boutons (expressing either GFP alone
or GFP together with the soluble Syntaxin 13 fragment) were determined by applying an
automatic threshold. The average intensity of vesicle labeling in the corresponding areas

was calculated and the data was normalized to the GFP only control.

2.10.2 Monte Carlo model of RRP recycling

A Monte Carlo model of RRP recycling was generated to determine the effects of
endosomal inhibition on the fusion competence of RRP vesicles. We assumed that
endocytosis of fused vesicles can lead to the retrieval of “dirty” vesicles - vesicles
containing also plasma membrane material; these vesicles would normally be sorted by
the endosome, so that inhibition of endosomal function would lead to an accumulation
of “dirty” vesicles, at the expense of the RRP. To estimate the reduction in release
probability of unsorted “dirty” vesicles in absence of endosomal sorting, we simulated
the resulting RRP size of several scenarios of assumed release probabilities.

The parameters to construct our model were either taken from the literature or
from this study as follows. The RRP inside the synapse was set to comprise 20 vesicles
(nn) (Schikorski and Stevens, 2001) and an equal-sized pool of fused (readily
retrievable) vesicles (nf,) was set to be in equilibrium with the RRP (Wienisch and
Klingauf, 2006). Initially, neither “dirty” (n4) nor fused “dirty” vesicles (nfi) were
assumed to be present in the synapse. The probability of release for the normal vesicles
(pra) was set to 0.3 (Gandhi and Stevens, 2003), increasing with tetanic stimulation (= 5
Hz) to reach a probability of 1 at a stimulation frequency of 20-30 Hz. For the different
models, our parameter of interest, the probability of release for the “dirty” vesicles (pra),
was set to a variable fraction of pr, (prn/pra is plotted on the Y axis in Figure 3-14 B).
The probability of spontaneous release of the normal vesicles (psn) was set to once per
minute (Sara et al, 2005); this value was adjusted to a higher level for the “dirty”
vesicles, according to the results from Figure 3-13 D. The probability that a normal
vesicle is endocytosed (pen) was considered equal to the initial probability of release
(0.3), generating an accurate compensatory retrieval mechanism. The increased release
probability during tetanic stimulation was compensated for by prolonged compensatory
endocytosis - i.e. the endocytosis continued at the same probability (0.3), resulting in a
transient increase in surface membrane. For simplicity, spontaneously released vesicles
were assumed to be retrieved with identical probability of endocytosis. The probability

of endocytosis for the “dirty” vesicles (peq) was set equal to that of the normal vesicles,

50



as both would theoretically be targeted by the same machinery (especially as both
“dirty” and normal vesicles are retrieved simultaneously, Figure 3-18). The probability
that a retrieved vesicle was/became “dirty” was set to 0.4, representing the proportion
of newly retrieved vesicles enriched in plasma membrane components (Figure 3-18 D,
SNAP-25 and Syntaxin 1).

The simulations were then performed as follows. A train of 20 action potentials
(at variable frequencies for the different models) was delivered and followed by a
resting period of 30 seconds to allow for compensatory endocytosis. Afterwards,
endosomal function was inhibited and a prolonged period of activity (1000 action
potentials at 1 Hz) was allowed to equilibrate the vesicle pools and generate “dirty”
vesicles. The amount of release obtained from a subsequent second train of 20 action
potentials was expressed as a fraction of the response to the first stimulus (mapped to
different colors in Figure 3-14 B), and thus represents the effect of endosomal inhibition

on the RRP size.

2.11 Synaptic Vesicle Marker Surface Immunostaining

Hippocampal cultures were prepared as above and were used between 8 and 34 days in
vitro. Fluorescently-coupled antibodies against the lumenal (extracellular) domain of
Synaptotagmin I (604.2, coupled to the dye Atto 647N; see Table 2-1) and a rabbit
polyclonal serum recognizing a lumenal epitope of Synaptophysin (G96; see Table 2-1)
were used to label the surface (fused) synaptic vesicle epitopes. To label specifically the
recently exocytosed vesicles, the preparations were first incubated for 10 minutes with
unlabeled 604.2 antibodies (diluted 1:50 from ascites fluids; typically ~1-3 mg/ml
antibody concentrations; see Table 2-1) in Tyrode buffer. Vesicle recycling was inhibited
by performing the incubation either at 4°C or in absence of Mg2+ and Ca2* at room
temperature. After surface epitope blocking, the preparations were incubated with the
fluorescently-coupled anti-Synaptotagmin antibody and the anti-Synaptophysin serum
(6 minutes, depolarizing with 15 mM KCI; see also Willig et al., 2006). The preparations
were fixed in 4% paraformaldehyde (in PBS) for 10 minutes on ice, followed by 35
minutes at room temperature. Synaptophysin antibodies were stained by secondary
antibodies coupled to the fluorescent dye Atto 590, before mounting the preparations in
2,2’-thiodiethanol (TDE). Alternatively, a positive colocalization control was performed
as follows: no pre-blocking of the surface Synaptotagmin epitopes was performed and
the stainings were performed without anti-Synaptophysin antibodies; secondary

staining was performed with an anti-mouse secondary antibody, coupled to the
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fluorescent dye Atto 590 (thus resulting in Synaptotagmin being double-stained with
Atto 647N and Atto 590).

The preparations were imaged using the 2-color STED setup (see 2.3.2.3).
Custom-written Matlab routines were used for measuring spot diameters from
Lorentzian curve fits (Willig et al., 2006), which were generated for line scans through
the STED spots. The fits were used to determine the full width at half maximum (FWHM)
of the spots. The distance between intensity centers of spots was analyzed exactly as

described (Geumann et al., 2008).

2.12 Isolated Synaptic Vesicle Immunoassay

Synaptosomes were prepared and live-stained using a fluorescently labeled antibody
against the lumenal (exposed) domain of Synaptotagmin I (604.2, coupled to the dye
Oyster550; see Table 2-1), exactly as described (Rizzoli et al., 2006). The LS1 fraction,
enriched in synaptic vesicles (Huttner et al.,, 1983) was removed and snap-frozen, for
long-term storage (see 2.5 for details on synaptosome preparation).

The validity of this procedure to label recycling vesicles in synaptosomes was
tested by labeling synaptosomes with FM 1-43 as described (Rizzoli et al, 2006),
followed by photo-oxidation and electron microscopy processing (see 2.7 for details on
photo-oxidation; fixation was performed using 4% paraformaldehyde and 0.1%
glutaraldehyde). Alternatively, the FM-labeled LS1 fraction was adsorbed onto glass
coverslips for imaging single vesicles with the high-sensitivity Zeiss Examiner setup (see
2.3.1.3).

For single vesicle immunostaining experiments, the LS1 fraction (labeled with
604.2 Oyster550) was adsorbed onto coverslips as described (Rizzoli et al., 2006). After
fixation, the vesicles were incubated sequentially with antibodies against the protein of
interest, followed by fluorescently labeled secondary antibodies. Then, incubation with
antibodies against a synaptic vesicle marker (typically the anti-Synaptophysin rabbit
polyclonal G96, or the anti-Synaptobrevin mouse monoclonal 69.1; see Table 2-1) was
followed by incubation with fluorescently labeled secondary antibodies. The
preparations were mounted in fluorescent mounting medium (Dako) and imaged in epi-
fluorescence (confocal imaging is not required as the vesicles are adsorbed as a thin
monolayer or organelles; see 2.3.1.1 and 2.3.1.2 for the microscope setups used). The
green (Cy2) channel was used for the protein of interest, the orange (Oyster550)
channel for the lumenal anti-Synaptotagmin antibody, and the deep red (Cy5) channel

for the vesicle marker. The images were aligned by use of multi-color TetraSpeck™
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beads (as described, Geumann et al.,, 2008), which were unambiguously identified by
their blue fluorescence. Further primary antibodies (all listed in Table 2-1) used were:
anti-Synaptotagmin [ (41.1), anti-Vglutl (shigeo2), anti-GABA-transporter (R22), anti-
SNAP-25 (71.1), anti-Syntaxin 1 (HPC1), anti-Clathrin heavy chain (clone 23), anti-
Dynamin 1,2,3, anti-AP180, anti-Endophilin, anti-Synaptojanin 1 (C-terminus), anti-
Amphiphysin, anti-Uncoating ATPase (3C5), anti-a-SNAP (77.1), anti-NSF (83.11), anti-
Munc18-1 (131.1), anti-f-actin (AC-15), anti-Vtila (103.3), anti-Syntaxin 6 (clone 30),
anti-Syntaxin 13, anti-ADP Ribosylation Factor (Arf; 1D9), anti-AP1 complex subunit y-1,
anti-AP-3 B-2, anti-Rab4 (clone 7), anti-Rab5 (621.1), anti-PI3P (Z-P003), anti-HA-tag,
anti-NMDA receptor (54.1) and anti-Voltage-gated Ca2* channel.

Automated data analysis was performed using custom-written routines in
Matlab (as described in detail in Hoopmann, 2008). Briefly, images were aligned and
filtered by an unsharp procedure to increase signal-to-noise. The images were then
subjected to a threshold to identify the spots (vesicles). Single pixels surpassing the
threshold, as well as spots too large to represent single vesicles (but that were rather
clumps of vesicles), were automatically eliminated from the analysis (size assessed by
FWHM on the basis of Gaussian fits for line scans through the spots). The threshold was
automatically adjusted, for each independent staining, by using background control
coverslips, which had been treated similarly (i.e., immunostained), but without addition
of vesicles. Line scans through the spots (automatically selected in the synaptic vesicle
marker channel for the general pool vesicles, or in the lumenal Synaptotagmin channel
for the recently endocytosed vesicles) were performed and the Pearson’s correlation
coefficients between the signals in the different channels were calculated. A stringent
correlation coefficient cut-off of 0.9 was used for identifying colocalization (the
correlation coefficient ranges from -1 for perfect anti-correlation to 1 for perfect
correlation of signals). The analysis readout thus reported the fraction of vesicles
correlating with any of the investigated proteins of interest, for both general pool
vesicles and recently endocytosed vesicles. These fractions were corrected for random
antibody colocalization (obtained from the background control coverslips) and were
also plotted as the change in correlating vesicles for the recently endocytosed vesicles
versus the general pool vesicles (positive for an increase, negative for a decrease in the

amount of correlation in the recently endocytosed vesicles.
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2.13 Extraction of Cholesterol from Endosomes

PC12 endosomes were prepared by sucrose gradient centrifugation from PC12 post-
nuclear supernatants, exactly as described (Rizzoli et al., 2006) and synaptosomal
organelles were prepared as described above (see section 2.5). Organelles were
centrifuged onto poly-l-lysine coated coverslips, treated with methyl-f3-cyclodextrin (60
mg/ml for 30 minutes), fixed and immunostained exactly as described (Geumann et al,,
2009). Secondary antibodies coupled to Atto 590 and Atto 647N were used to allow for
high-resolution 2-color STED imaging, which was performed using the 2-color STED
setup (section 2.3.2.3), after embedding in Mowiol. Images were analyzed by
determining the Pearson’s correlation coefficient for the green and red (Atto 590 and

Atto 647N) staining of individual endosomes, using custom-written Matlab routines.
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3. RESULTS

3.1 Endosomal SNAREs Participate in Synaptic Vesicle Recycling

As pointed out in the introduction, this study aims at elucidating the role of endosomes
in synaptic vesicle recycling. If endosomes are indeed participating in the recycling of
synaptic vesicle material, it should be possible to identify endosomal molecules on at
least a subpopulation of synaptic vesicles recycling via endosomes. In fact, the
endosomal SNAREs Syntaxin 13 (Q.-SNARE), Vtila (Qp-SNARE) and Syntaxin 6 (Q-
SNARE) have been identified earlier to be enriched on synaptic vesicles (Rizzoli et al.,
2006), which is in agreement with the finding that purified recently endocytosed
synaptic vesicles can fuse with purified endosomes from neuroendocrine PC12 cells in

vitro (Rizzoli et al., 2006).
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Figure 3-1: Phluorin function

The pH-sensitive GFP moiety (green) is quenched at the low pH of the acidic endosomes/synaptic
vesicles (dark green). GFP fluorescence increases upon exocytosis, due to the change from acidic
to neutral pH (light green), thus allowing the use of pHluorins as fusion reporters.

In order to investigate this matter in more detail, I devised an experimental
approach to test directly the involvement of these endosomal SNAREs in synaptic vesicle
recycling. A well-established experimental tool to study synaptic vesicle recycling are
the pHluorins (Miesenbock et al, 1998), which were developed in the late 1990s.
PHluorins are fusion proteins of a synaptic vesicle protein and a pH-sensitive GFP
variant (pHluorin), which is quenched at the acidic vesicular pH (~5.5) and is brightly
fluorescent at the neutral extracellular pH (see Figure 3-1). This property renders the
pHluorins a one-of-a-kind fusion reporter that can faithfully and repeatedly indicate
recycling of individual synaptic vesicles. Although pHluorins have been used in a variety
of studies on vesicle recycling (see for example: Gandhi and Stevens, 2003; Mitchell and
Ryan, 2004; Granseth et al., 2006; Wienisch and Klingauf, 2006), no pHluorin reporter to

assay endosomal involvement in synaptic vesicle recycling has been described so far.
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We therefore generated three novel pHluorins by fusing pHluorin to the
intravesicular domains of the three endosomal SNAREs Syntaxin 13, Vtila and Syntaxin
6. For comparison purposes, we also used the well-characterized SynaptopHluorin
construct (pHluorin fused to the synaptic vesicle SNARE Synaptobrevin; Miesenbock et
al,, 1998) and the pHluorin chimera of the plasma membrane exocytic SNARE Syntaxin 1
(Mitchell and Ryan, 2004).
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Figure 3-2: The endosomal pHluorins do not inhibit vesicle recycling

(A) Syntaxin 13-pHluorin was expressed in hippocampal cultures, which were allowed to recycle
vesicles for 10 minutes in presence of an antibody against the lumenal domain of Synaptotagmin
coupled to the fluorescent dye Oyster550 (see Table 2-1). Note the high correlation between
Syntaxin 13-pHluorin signal (green) and Oyster550 signal (red). Scale = 25 pm.

(B) Quantification of the antibody uptake (as in A) for the different pHluorins. Bars show mean +
SEM for 8 to 20 independent experiments. No change was detected between SynaptopHluorin
(SpH), the novel endosomal pHluorin constructs and Syntaxin 1-pHluorin.

(C) Surface expression for the different pHluorins, indicated as percentage of all pHluorin
molecules. Bars show mean + SEM for 7 to 15 independent experiments (10-60 synaptic boutons
were analyzed in each experiment).

When we labeled hippocampal neurons expressing the various pHluorin
constructs with antibodies against the lumenal domain of Synaptotagmin (using the
604.2 antibody coupled to the dye Oyster550; see Table 2-1), we observed substantial
labeling of recycling vesicles for neurons transfected with any of the tested pHluorin

constructs (Figure 3-2 A-B). This finding indicates that the expression of these
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constructs did not drastically interfere with synaptic vesicle recycling in general. To
assess further whether the pHluorins are properly expressed and localized, we
determined the surface fraction of each pHluorin (see section 2.6.3 for calculation of
surface fractions). Confirming the impression of the proper localization of our pHluorin
reporters, SynaptopHluorin (~18% surface fraction, well within the previously reported
range; Sankaranarayanan et al, 2000; Granseth et al, 2006) and our endosomal
pHluorins (<10% surface fraction) were predominantly present in intracellular
organelles, while Syntaxin 1-pHluorin (~70% surface fraction, again similar as reported
before; Mitchell and Ryan, 2004) was almost exclusively localized to the plasma
membrane (Figure 3-2 C). Interestingly, the three endosomal SNARE-pHluorins show
considerably low surface expression, indicative of superior localization in comparison to
SynaptopHluorin, Synaptotagmin-pHluorin (~20% surface fraction; Fernandez-Alfonso
et al, 2006) and (at least for Syntaxin 13-pHluorin) even Synaptophysin-pHluorin (~8%
surface fraction; Granseth et al., 2006).

Like SynaptopHluorin, all endosomal pHluorins recycled during stimulation, as
shown by the fluorescence increase of individual boutons (Figure 3-3 A). When we
measured the fraction of pHluorin release upon RRP stimulation (20 Hz / 2 seconds;
releasing ~10-20% of all vesicles; Schikorski and Stevens, 2001) by normalizing the
dF/Fy trace to the maximal response to NH4Cl application (which de-quenches all
pHluorin by neutralizing vesicular pH; see section 2.6.3 for details), we observed a
considerable response of both SynaptopHluorin and the endosomal SNAREs (Figure 3-3
B). In agreement with the fact that Syntaxin 1-pHluorin is mainly expressed on the
plasma membrane (Figure 3-2 C), we could not detect a fluorescence increase upon
stimulation with this construct. Conversely, some Syntaxin 1-pHluorin appeared to be
endocytosed into the terminal upon stimulation, as indicated by the transient decline in
pHluorin fluorescence. The fractions of endosomal pHluorins and SynaptopHIluorin
released upon RRP stimulation were similar and they were released with similar
kinetics (as shown by scaling all traces to the peak response of SynaptopHluorin; see
inset in Figure 3-3 B). While the fractional release of SynaptopHluorin and endosomal
SNAREs were almost identical upon RRP stimulation, stronger recycling pool
stimulation (20 Hz / 30 seconds) caused a relatively smaller response of the endosomal
SNAREs (Figure 3-3 C). The release occurred again with similar kinetics, although the
endosomal SNAREs seemed to release slightly slower (half-times of 12.2, 18.2 and 11.7
seconds for Syntaxin 13, Vtila and Syntaxin 6, respectively, compared with 10.5 seconds

for SynaptopHluorin; see inset of Figure 3-3 C).

57



pre stimulation stimulated dF/F

0]

2 seconds / 20 Hz

0.04
0.064 4
0.02
0.044
0.00
0 2 4

0.02

0.00 g1t

fraction of pHluorin molecules

Vti1a
T Syntaxin 6
!

Syntaxin 1

0 10 20 30 40 50
time [s]

(@

30 seconds / 20 Hz
0.3 0.2

0.1
0.21
0. 0

fraction of pHluorin molecules

i Wﬁwwm Vti1a
01 Syntaxin 6
[] Syntaxin 1
0.0 # g WW
0 10 20 30 40 50
time [s]

Figure 3-3: Endosomal pHluorins recycle upon electrical stimulation

(A) Synaptic boutons expressing SynaptopHluorin (SpH; top panels) or Syntaxin 13-pHluorin
(Syx 13; bottom panels) respond to electrical stimulation at 20 Hz. Panels on the left show resting
preparations, middle panels show preparations stimulated for 17 seconds and panels on the right
show the fractional change in fluorescence compared to the pre-stimulation condition (dF/Fo).
Scale = 15 pm.

(B) Change in pHluorin signal upon RRP-releasing stimuli (20 Hz / 2 seconds) expressed as the
fraction of pHluorin molecules. Plots represent mean + SEM of 9-38 experiments. For clarity, only
every 5t error bar and only a short stretch of the Syntaxin 1-pHluorin signal are shown. The
inset indicates the signal rise upon stimulation, with all traces normalized to the peak response of
SynaptopHluorin; note the similar kinetics of all curves.

(C) Change in pHluorin signal upon stimuli releasing the entire recycling pool (20 Hz / 30
seconds). Plots represent mean + SEM of 5-27 experiments. Significantly more SynaptopHluorin
than endosomal pHluorin is exocytosed (p<0.0001, Kolmogorov-Smirnov, KS, tests). The inset
indicates the signal rise upon stimulation, as in B.
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The observation that the correlation between endosomal SNARE pHluorins and
SynaptopHluorin decreases upon recycling pool stimulation (with respect to both
fractional release and release Kinetics) indicates that the endosomal SNAREs seem to be
predominantly present on the fast-cycling RRP vesicles. In view of the fact that the
endosomal recycling pathway has been described as a slow pathway, activated upon
prolonged stimulation (Heuser and Reese, 1973), this finding was rather surprising and

triggered further investigation.

3.2 Morphological Evidence for Endosomal Fusion of RRP Vesicles

3.2.1 FM dye photo-oxidation and electron microscopy

As the pHluorin experiments clearly suggested a predominant role of endosomal
SNARE:s in the recycling of RRP vesicles, [ next attempted to gather direct morphological
evidence for the fusion of recently endocytosed RRP vesicles with endosomes.

To this end, I chose to employ the technique of FM dye labeling followed by
photo-oxidation and electron microscopy (Rizzoli and Betz, 2004; Opazo et al., 2010).
This approach allows for labeling of actively recycling vesicles, and consequently of any
organelles fusing with the labeled vesicles. Furthermore, by resorting to electron
microscopy, the size of the labeled organelles can be determined very accurately,
allowing the identification of fusion events even between small organelles. In order to
clearly follow the fate of recently endocytosed RRP vesicles, it was necessary to
establish a well-defined stimulation scheme. [ used electrical field stimulation of
hippocampal neurons at 20 Hz for 2 seconds (the RRP releasing stimulus) in presence of
the styryl dye FM 1-43, which can insert into the lumenal leaflet of the fused vesicles and
be taken up into retrieved vesicles (Betz and Bewick, 1992). To obtain snap-shots of the
morphology of the recently endocytosed vesicles at various stages during recycling, I
fixed the preparations 4, 10 or 30 seconds after the stimulus and then processed the
preparations for photo-oxidation electron microscopy (Figure 3-4 A-B).

Immediately after stimulation (4s), the vesicles were small and homogeneous in
size, with a diameter of 41.4 * 0.76 nm (mean * SEM; Figure 3-4 B-C) corresponding
well to the diameter reported for small synaptic vesicles (~42 nm; Takamori et al,,
2006). At 10 seconds after stimulation, however, the amount of small vesicles was
slightly diminished, giving rise to a fraction of larger vesicles, with diameters above ~50
nm, which had disappeared again at 30 seconds after stimulation. Similar to the

conclusions by Heuser and Reese (Heuser and Reese, 1973), this observation offers the
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simple interpretation that the recently endocytosed vesicles have fused to endosomes,
generating larger labeled organelles at 10 seconds after stimulation; subsequently these
organelles would bud new small vesicles, explaining the absence of large organelles at
30 seconds after stimulation. In agreement with this interpretation, the number of
labeled organelles per time point correlates inversely with the mean size of the
organelles (Figure 3-4 C-D).

In principle, these findings could also be explained by a model involving bulk
endocytosis, followed by budding of small vesicles from the internalized cisternae
(Takei et al., 1996). This possibility can, however, largely be excluded the fact that bulk
endocytosis has been reported to be triggered by strong stimulation (for example 40 Hz
for 10 seconds; Clayton et al.,, 2008) and by considering the following two observations:
(1) the number of organelles at 10 seconds actually decreased (Figure 3-4 D), while
appearance of large organelles by bulk endocytosis would cause an increase in the
number of organelles (compare sketch in Figure 3-4 A; immediate bulk endocytosis can
be excluded as well, as no larger labeled organelles are observed after 4 seconds); (2)
the total amount of label (calculated from the labeled area) remains constant
throughout the sampled time points (Figure 3-4 E), while bulk endocytosis after the 4
second time point would cause an increase in the amount of measured label (compare
sketch in Figure 3-4 A).

Finally, I estimated the amount of RRP vesicles participating in endosomal fusion
by dividing the total membrane area of the large labeled organelles present at 10
seconds by the average membrane area of a small vesicle (of 42 nm diameter). This
yields an estimate of the amount of vesicles required to undergo homotypic fusion to
account for the area of the large organelles observed after 10 seconds: ~74% of all RRP
vesicles. This is probably a slight overestimate, as this calculation assumes the volume of
the endosome to be negligible (which is, however, not an unlikely assumption; see

Murthy and Stevens, 1998).
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Figure 3-4: Endosomal fusion and budding of RRP vesicles

(A) Hippocampal neurons are stimulated (20 Hz/2 seconds; the RRP releasing stimulus) in
presence of FM 1-43, followed by fixation in ice-cold glutaraldehyde after a resting period of 4, 10
or 30 seconds. We observed a number of larger labeled organelles (see below), which could in
principle be accounted for by both endosomal recycling and bulk endocytosis. In endosomal
recycling (top panels) the appearance of large organelles is accompanied by a reduction in the
total number of labeled objects, while the total amount of label stays constant; for bulk
endocytosis (bottom panels) both the number of labeled objects and the total amount of label
should increase, allowing for the differentiation between the two models.

(B) Example micrographs of nerve terminals containing organelles labeled by diaminobenzidine
photo-oxidation of FM 1-43. Scale = 200 nm. Note that mitochondria label in this procedure as
well (yellow arrowheads), although this is independent of the presence of FM dyes (Grabenbauer
etal,, 2005). Red arrowheads/arrows point to examples of small and large vesicles, respectively;
not all vesicles are indicated.

(C) Labeled vesicle size (diameter). Larger labeled vesicles (~50-100 nm) appear after 10
seconds, and disappear after 30 seconds of rest. The size distribution at 10 seconds after
stimulation is significantly different from the others (p<0.01, KS-tests). Inset shows the average
vesicle diameter (significantly larger in the 10-second condition; p<0.01, t-tests).

(D) Number of labeled organelles per micrograph (significantly smaller in the 10-second
condition; p<0.05, t-tests).

(E) Total labeled area. The amount of endocytosed membrane remained constant in the three
conditions (p>0.1, t-tests).

The data in (C)-(E) were obtained from three independent experiments, with 140-195 electron
micrographs analyzed. All graphs show mean + SEM.

61



3.2.2 Qdotimaging

Since the pHluorin experiments suggested a relation between the RRP vesicles and
endosomes, and as the photo-oxidation experiments suggested a large fraction of RRP
vesicles to undergo fusion to endosomes, we sought to corroborate the notion of

endosomal vesicle fusion by means of light microscopy.
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Figure 3-5: Qdots confirm endosomal fusion and budding of RRP vesicles

(A) The surface pool of Synaptotagmin is labeled with a biotinylated antibody against the
lumenal domain of Synaptotagmin (see Table 2-1), followed by addition of streptavidin-coated
Qdots (four different colors: Qdot 525, Qdot 565, Qdot 605 and Qdot 655). RRP stimulation (20
Hz / 2 seconds) results in endocytosis of Qdot-labeled synaptic vesicles. If endosomal recycling is
involved, multi-labeled organelles with Qdots in close proximity should subsequently appear and
later disappear through budding of new vesicles. (legend continued on next page)
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(B) Typical images of Qdot-labeled nerve terminals at four different time points: before
stimulation or at 4 seconds, 10 seconds or 30 seconds after stimulation. Arrowheads in the 10s
sample indicate example organelles of multi-color colocalization. Scale = 1.5 pm.

(C) The minimal distances between the differently colored Qdots were analyzed, and cumulative
histograms were plotted for nerve terminals either before stimulation or at 4, 10 and 30 seconds
after stimulation. The distribution at 10 seconds after stimulation is significantly different from
the other three distributions (p<<0.001, KS-tests). The distributions at 4 or 30 seconds after
stimulation are neither different from each other, nor from the non-stimulated preparations
(p>0.2, KS-tests). The vertical dotted line indicates a distance cut-off of 25 nm, which was used in
panel (D). The histograms were obtained from ~8,000-14,000 Qdot distances, from 3
independent experiments.

(D) Amount of Qdots within less than 25 nm from other Qdots (cut-off as indicated by the vertical
dotted line in C). The inset shows the rationale of using a 25 nm cut-off: the diameter of the
streptavidin-coated Qdots is ~15-20 nm, so that allowing for some extra space for the
biotinylated antibody yields a distance of ~25 nm between tightly apposed Qdots. The values
were corrected for closely apposed Qdots before stimulation, as these are likely bound to single
multi-biotinylated antibodies, and are therefore not biologically meaningful.

To reproduce the photo-oxidation experiments above using light microscopy, we
turned to Qdots, which enabled us to simultaneously use four spectrally separable
colors (owing to their excitability with a single 488 nm laser line and their narrow
emission peak; see section 2.8 for details). In analogy to the photo-oxidation
experiments, we used Qdots to label surface-exposed synaptic vesicles and followed
their recycling. We first incubated hippocampal neurons with biotinylated antibodies
against the lumenal domain of Synaptotagmin (604.2; see Table 2-1), which was
followed by detection with four differently colored streptavidin-coated Qdots (Zhang et
al, 2009). We stimulated the neurons exactly as above (20 Hz / 2 seconds; the RRP
stimulus) and fixed the preparations at 4, 10 and 30 seconds after stimulation (Figure
3-5 A). The samples were then embedded and imaged with the Leica STED setup in
confocal mode (see sections 2.3.2.2 and 2.8; Figure 3-5 B). We determined the distance
to the nearest neighbor for each Qdot and found a significant fraction of Qdots to be
tightly apposed at 10 seconds after stimulation (Figure 3-5 C-D). It should be noted that
the radius of the streptavidin-coated Qdot with an attached anti-Synaptotagmin
antibody measures at least about 12 nm, resulting in a theoretical minimal distance of
about 25 nm between two Qdots, when tightly pressed against each other. When we
measured the amount of Qdots within this distance of each other (threshold of 25 nm;
vertical dotted line in Figure 3-5 C), we found a significantly larger fraction at 10
seconds than at 4 and 30 seconds (Figure 3-5 D). The observed increase in tightly
apposed Qdots at 10 seconds (and the following decrease at 30 seconds) is in good
agreement with endosomal fusion (and subsequent budding), verifying the results from

the photo-oxidation experiments.

63



A C

endocytic label Rab5 (Q79L) merge endocytic label Rab5 (WT)

Tf uptake
Tf uptake

Tf release
Tf release

LDL
LDL

dextran
dextran

CTxB
CTxB

o0/
O

untransfected untransfected

—_ —
® ®
(o] o))
€0 £0
T8 L
S§ 75 SE 75
>t 2c
=
52 5o
o o O
E\° e
[t o

-
N
q

1251

-
o
g

100+

o
o
1
o
i

N
o
1
N
g

Q NG 2 0\,

> Q
v ° 0&.‘.

ée'.‘:é

Figure 3-6: Expression of Rab5-GFP variants (wild-type or Q79L) does not affect
endosomal trafficking in PC12 cells

(A) Typical images of PC12 cells showing both cells expressing dominant active (Q79L) Rab5-GFP
(green) and control untransfected cells. Several endocytic labels were applied (each presented in
red), as follows. For Transferrin (Tf) uptake, cells were incubated for 5 minutes at 37°C with 50
pug/ml Tf-Alexa594; for Tf release, cells were labeled in the same fashion, were briefly washed
(twice) and were incubated at 37°C for 10 minutes in the absence of Tf. For low-density
lipoprotein (LDL) uptake, cells were incubated for 5 minutes at 37°C with 5 pg/ml LDL-Dil. For
dextran uptake, cells were incubated for 5 minutes at 37°C with 1 mg/ml dextran-Alexa594. For
cholera toxin beta subunit (CTxB) uptake, cells were pre-incubated for 30 minutes on ice with 10
pug/ml CTxB-Alexa647; after briefly washing 3 times, the cells were incubated at 37°C for 40
minutes, to allow the toxin to reach the Golgi. Scale = 15 pm.

(B) Quantification of the endocytic labeling. The red fluorescence (endocytic marker) of PC12
cells expressing dominant active (Q79L) Rab5-GFP was normalized to the fluorescence of
untransfected cells. No significant differences could be detected (p>0.05, t-tests). Quantification
represents mean of 4 experiments + SEM.

(C-D) The same experiments as in A-B were repeated using the wild-type Rab5-GFP construct.
Again, no significant differences could be detected between transfected and untransfected cells
(p>0.05, t-tests). Quantification represents mean of 4 experiments + SEM.
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3.3 Endocytosed Vesicle Protein Reaching Bona Fide Endosomes

3.3.1 Dynamin-dependent transport of synaptic vesicle protein to endosomes

The previous experiments established the fusion of a substantial fraction of RRP vesicles
with endosomes. In order to follow the transit of vesicles through endosomes in a
controlled fashion, the previously described experiments clearly relied on temporally
defined snap shots of vesicle recycling after an externally applied stimulus. However, as
the RRP vesicles are the ones mostly relied upon at physiological culture conditions, and
as these vesicles seem to be the ones recycling through endosomes, one would expect to
be able to see synaptic vesicles reaching endosomal compartments also in absence of
such stimuli.

Even though it seems a coherent interpretation that the transient appearance of
larger labeled organelles after an RRP releasing stimulus is due to endosomal fusion, the
photo-oxidation and Qdot experiments could not clearly establish the molecular identity
of early endosomes. The pHluorin experiments, on the other hand, suggested the
involvement of early endosomal SNAREs in the recycling of RRP vesicles, but these
experiments could not report fusion between vesicles and endosomes. Therefore, we
decided to turn to a different fluorescent assay to test whether RRP vesicles can indeed
reach bona fide endosomes.

We planned to visualize early endosomes by expressing GFP-tagged variants of
the endosomal Rab5 in cell culture. To be able to clearly differentiate endosomes from
synaptic vesicles (which also contain Rab5; Takamori et al., 2006), we wanted to use the
dominant active (Q79L) Rab5 mutant, which causes formation of larger endosomes
(Stenmark et al., 1994). To verify that the expression of the dominant active variant of
Rab5 does not cause a general disturbance of endosomal trafficking, we first tested the
construct in the neuroendocrine PC12 cell line and assayed the trafficking of various
endocytic labels (Transferrin, low-density lipoprotein, dextran and cholera toxin beta
subunit; Figure 3-6 A). When compared to untransfected PC12 cells, there were no
differences in trafficking of any of these endocytic probes (Figure 3-6 A-B). In order to
not rely solely on the expression of the dominant active Rab5-GFP, we intended to
include experiments using wild-type Rab5-GFP (rendering the identification of
endosomes based on size more difficult, but decreasing the likelihood of any disturbance
of endosomal function). Therefore, we repeated the endosomal trafficking assay using
the wild-type construct (Figure 3-6 C), and as expected, we could not detect any effects
on endocytic trafficking when compared to trafficking in untransfected cells (Figure 3-6

C-D).
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Figure 3-7: Synaptotagmin antibody uptake into endosomes

(A) Vesicle marker uptake into endosomes. Dominant active (Q79L) Rab5-GFP is expressed in
hippocampal neurons. Cells are incubated with an antibody against the lumenal domain of
Synaptotagmin (Table 2-1) for 5 minutes at 37°C, to follow whether recently endocytosed
Synaptotagmin molecules reach the endosome.

(B) Optical sectioning by confocal imaging indicates that the recently endocytosed vesicles (red)
seem to reach an endosomal compartment (green), as shown by the overlap between the two.
However, a proper quantitative analysis is difficult, as both the lateral and the axial resolution
suffer from diffraction. Scale = 1.5 um.

After having excluded any endosomal disturbances caused by the expression of
our Rab5-GFP constructs, we returned to cultured hippocampal neurons and expressed
the dominant active (Q79L) Rab5-GFP variant. We applied antibodies against the
lumenal domain of Synaptotagmin (604.2; see Table 2-1) for 5 minutes at 37°C and
acquired confocal Z-stacks of Rab5-GFP and Synaptotagmin signals (Figure 3-7).
Although it appeared as if the Synaptotagmin antibodies colocalized with the
endosomes, the limited lateral (in the x-y plane; ~250 nm) and axial (along the z-axis;
~500 nm) resolution in conventional confocal microscopy prevented accurate
colocalization analysis. We therefore resorted to a system of plastic embedding and thin
sectioning (section 2.9.3) to drastically improve the attained axial resolution to about 80
nm. In combination with STED imaging for the Synaptotagmin antibodies, this approach

provides a three dimensional resolution of 70-80 nm, sufficient to precisely assess
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colocalization of vesicles and endosomes. STED resolution for the imaging of endosomes
is not necessary here, as their size is on the order of magnitude of the diffraction limit of
light (~200 nm), or even considerably bigger upon expression of the dominant active

(Q79L) Rab5-GFP mutant (up to micrometer sizes).
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Figure 3-8: Dynasore inhibits synaptic vesicle recycling in hippocampal neurons

(A) FM uptake and release. Cultured hippocampal neurons were stimulated to recycle synaptic
vesicles by application of 70 mM KCl in presence of the styryl dye FM 2-10. Upon endocytosis, the
vesicles were labeled with the dye (top left panel); stimulating again in absence of the dye caused
its release from the vesicles, resulting in a dimming of the synaptic puncta (top right panel).
Dynasore pre-incubation (for 10 minutes at 37°C) appeared to completely eradicate dye release
(bottom panels), indicative of inhibited synaptic vesicle recycling (Newton et al., 2006). Control
preparations were incubated with a corresponding amount of solvent (DMSO). Scale = 5 pm.

(B) Quantification of synaptic fluorescence. The fluorescence (above background) of the images
was measured with a self-written routine in Matlab. The bars show mean +* range of values of two
independent experiments. Note that the formation of new fusion-competent vesicles (i.e. vesicle
recycling) is completely blocked by dynasore.

Experiments were performed with the help of S. V. Barysch (STED Microscopy of Synaptic
Function, European Neuroscience Institute Gottingen).

To have a means of assessing whether any observed colocalization of endosomes
and synaptic vesicle marker is specific, we needed an inhibitor of endocytosis. The
inhibitor should prevent the uptake of the anti-Synaptotagmin antibody into
endocytosed synaptic vesicles, so that the antibodies would be also efficiently kept from
reaching endosomes. The small molecule inhibitor dynasore blocks the small GTPase
Dynamin (Newton et al, 2006), which is required for the final endocytic step of
pinching-off of the vesicles (Sweitzer and Hinshaw, 1998). Therefore, dynasore
promised to provide an efficient tool for our purposes, and we verified that it effectively
inhibits endocytosis into releasable vesicles in our hands by assaying the uptake and

release of FM 2-10 in hippocampal neurons (Figure 3-8).
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Figure 3-9: Analysis of overlap between synaptic vesicle marker and endosomes

(A-B) High resolution imaging of preparations expressing the dominant active (Q79L) Rab5-GFP
(A) or wild-type Rab5-GFP (B). The vesicle marker (red) is imaged at a lateral resolution of ~70-
80 nm using STED microscopy, in preparations cut in ultrathin (~80 nm) sections (see section
2.9.3); the Rab5-GFP (green) is imaged with confocal lateral resolution. Recently endocytosed
vesicles (red) reach the endosomes (green) in control (top panels) but not in preparations
treated with the Dynamin inhibitor dynasore (bottom panels). The area of overlap is highlighted
in the rightmost panels (thresholded). Scale = 1 um.

(C) Quantification of overlap for dominant active (Q79L) Rab5-GFP and wild-type Rab5-GFP. The
fraction of the endosome area colocalizing with Synaptotagmin spots was determined and
normalized to a maximum colocalization control (obtained from Synaptotagmin double-
immunostaining, Opazo et al, 2010). Dynasore treatment significantly abolishes the overlap
(p<0.01, t-test). Data represent mean + SEM of 3 independent experiments. Overlap values were
corrected by subtracting the overlap between the green signal and a mirror image of the red
signal, which accounts for the negative values.

(D) Overlap of the synaptic vesicle marker with endosomes upon electrical stimulation.
Experiments were performed as in A-C, after stimulating the samples using RRP-releasing
protocols (20 Hz / 2 seconds) or recycling pool-releasing protocols (20 Hz / 30 seconds). The
samples were then fixed and processed after 10 seconds of rest (as in Figure 3-4). Data analysis
was as in C. Data represent mean + SEM of 4-6 experiments.

When we repeated the antibody-labeling experiment after plastic embedding /
thin-sectioning and imaged the synaptic vesicle marker with STED microscopy, we again
found the antibodies to reach the bona fide Rab5 positive endosomes (Figure 3-9 A, top
panels). To test whether the observed colocalization is specific, we blocked clathrin-
mediated endocytosis by application of dynasore, which effectively prevented the
Synaptotagmin antibodies from reaching the endosomes (Figure 3-9 A, bottom panels).

When we repeated these experiments with the wild-type Rab5-GFP construct, we found
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no difference in the extent of colocalization when compared with the dominant active
(Q79L) construct (Figure 3-9 B-C). We finally repeated these labeling experiments by
applying defined electrical stimuli (Figure 3-9 D), rather than relying on the culture
activity. We again observed substantial colocalization of endosomes and synaptic vesicle
marker, when we applied an RRP releasing stimulus (20 Hz / 2 seconds; Figure 3-9 D,
black bars). In line with the pHluorin experiments, stronger recycling pool releasing
stimulation (20 Hz / 30 seconds) did not lead to an increase in the amount of

colocalization (Figure 3-9 D, gray bars).

3.3.2 Live-imaging of vesicle transit to endosomes

To dynamically visualize the transit of synaptic vesicles to endosomes, we used video-
rate (28 frames per second) live-STED microscopy (see section 2.3.2.2) in the same
preparation as above. Here, we again investigated whether strong stimulation (20 Hz /
30 seconds; recycling pool releasing) would increase the amount of vesicles reaching the
endosomes, which is unlikely in view of the pHluorin experiments and the previous

experiments using electrical stimulation (Figure 3-9 D).
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Figure 3-10: Live STED imaging of synaptic vesicles reaching endosomes

(A) Summed images from movies frames. Neurons expressing dominant active (Q79L) Rab5-GFP
(green) were labeled with antibodies recognizing the lumenal domain of Synaptotagmin (red)
(Westphal et al., 2008). Vesicles generally seem to avoid the endosome under resting conditions
(top) and strong recycling pool stimulation (20 Hz / 30 seconds) only leads to a small increase in
colocalization (bottom). Scale = 500 nm.

(B) The correlation between dominant active (Q79L) Rab5-GFP and Synaptotagmin signals
increases slightly upon prolonged stimulation (20 Hz / 30 seconds; p<0.05, t-test). Data
represent mean = SEM of 92 (non-stimulated) and 27 (stimulated) endosomal regions (from 63
and 18 movies, respectively). The scatter plots show individual values.
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In spite of a general avoidance of endosomal areas by the synaptic vesicles, we
could observe synaptic vesicles reaching endosomes, both in preparations at rest and in
stimulated preparations. We analyzed the movies by creating summed images of all
movie frames (Figure 3-10 A) and by calculating the correlation between Rab5-GFP and
Synaptotagmin signals. We found only a small increase in correlation upon strong
stimulation (Figure 3-10 B), confirming again that it is predominantly the RRP that

recycles through the endosome.

3.4 Effects of Inhibiting Endosomal Function

3.4.1 Changes in vesicle pools
As we found endosomal sorting to be of particular relevance for the RRP vesicles, we
assumed that inhibition of endosomal sorting should result in readily observable effects

on the RRP (and possibly on other vesicle pools as a consequence).

/7 SNARE acceptor complex
7 Syntaxin 13 (soluble fragment)
A early endosomal SNARE complex

Figure 3-11: Blocking endosomal fusion by soluble Syntaxin 13 fragment

Soluble Syntaxin 13 fragments (red) are expressed in hippocampal neurons. They engage the
endosomal SNAREs on the membranes of endosomes and synaptic vesicles, thus preventing
formation of fusogenic SNARE complexes (Rizzoli et al., 2006). GFP was expressed together with
(but not fused to) the Syntaxin 13 fragment by an IRES expression system, to identify transfected
neurons. As a control, GFP was expressed alone.

To test this hypothesis, we expressed a soluble Syntaxin 13 fragment, designed
to engage endosomal acceptor SNARE complexes in non-fusogenic complexes, thereby
preventing synaptic vesicles from fusing with endosomes (Figure 3-11). We chose to
target Syntaxin 13, as it is the only SNARE described to function exclusively in sorting
endosomes (Prekeris et al., 1998; McBride et al., 1999). That this approach does not
generally abolish endosome activity is shown by the fact that the recycling of several
endocytic probes (Transferrin, low-density lipoprotein, dextran and cholera toxin beta
subunit) was not affected in PC12 cells expressing the soluble Syntaxin 13 fragment
(assayed as in Figure 3-6; personal communication, loanna Bethani, Max-Planck

Institute for Biophysical Chemistry, Gottingen).
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Figure 3-12: Effects of inhibiting endosomal fusion on synaptic vesicle pools

We expressed in hippocampal cultures soluble Syntaxin 13 fragment to block endosomal fusion.
To identify the transfected cells, we co-expressed GFP using an IRES system; GFP alone was
expressed in control preparations, to control for possible transfection effects.

(A) The total vesicle pool visualized by immunostaining for Synaptophysin (red). The top panels
indicate axons expressing GFP alone; the lower panels show axons expressing both GFP and the
Syntaxin 13 fragment. Quantification of the total vesicle pool (bar graph), expressed as percent of
the GFP-only control, shows no effect based on the inhibition of endosomal fusion. (legend
continued on next page)



(B) The recycling pool was labeled with FM 4-64FX (red), by stimulating at 20 Hz for 30 seconds.
Quantification of the recycling pool (bar graph), expressed as percent of the GFP-only control,
shows a ~20% increase in the recycling pool upon blocking of endosomal fusion (p<0.01, t-test).
(C) The RRP was labeled with FM 4-64FX (red), by stimulating at 20 Hz for 2 seconds.
Quantification of the RRP (bar graph), expressed as percent of the GFP-only control, shows a
~60% decrease in the RRP upon blocking of endosomal fusion (p<0.01, t-test). Note that the FM-
loaded RRP vesicles could be re-released by a 20 Hz / 30 second stimulus in both conditions
(“destain”, hashed bars).

(D) The spontaneously recycling vesicles were labeled by incubation with FM 4-64FX for 15
minutes in presence of 1 uM tetrodotoxin (to block action potential evoked vesicle release).
Quantification of the spontaneous pool (bar graph), expressed as percent of the GFP-only control,
shows a ~50% increase in the spontaneous pool upon blocking of endosomal fusion (p<0.01, t-
test).

All scales = 2.5 pm. All data are presented as mean + SEM of 3 independent experiments.

In order to identify the neurons expressing the soluble Syntaxin 13 fragment, we
co-expressed GFP, used an internal ribosomal entry site (IRES) system (see section
2.10.1) to avoid any effects related to tagging the fragment with GFP. To test whether
transfection / expression itself causes any perturbations, we expressed GFP alone in
control experiments.

Blocking endosomal fusion by expression of soluble Syntaxin 13 fragment did
not reduce the total synaptic vesicle pool, when compared with the GFP control (Figure
3-12 A). This implies that biogenesis and transport of synaptic vesicles to the synapses
are not affected and thus do not rely on vesicle-to-endosome fusion. When labeling the
RRP with FM 4-64FX (20 Hz / 2 seconds stimulation), we observed a strong decrease in
RRP size, in comparison to the GFP control (~60% reduction; Figure 3-12 C). That the
labeled vesicles are, however, functionally recycling synaptic vesicles, is shown by their
ability to release upon a second stimulation train (20 Hz / 30 seconds; destain; Figure
3-12 C). Interestingly, we could also observe a 20% increase in the recycling pool size
(Figure 3-12 B) and a 50% increase in spontaneous release upon endosomal inhibition
(Figure 3-12 D). As our results so far have indicated no dependence of the recycling pool
on endosomes, these effects might constitute a consequence of the drastic effect on the
RRP vesicles, rather than a direct influence of endosomal inhibition on these vesicles.

To verify that the observed effects on the RRP, recycling pool and spontaneous
pool are truly based on inhibition of the formation of fusogenic SNARE complexes, we
repeated the same experiments with a soluble Syntaxin 13 fragment also lacking the
SNARE domain (aa 1-186; Figure 3-13). Expression of these Syntaxin 13 fragments did
not show any effects on vesicle pools, supporting the specificity of our approach to block

endosomal fusion.
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Figure 3-13: Quantification of vesicle pools upon expression of soluble Syntaxin 13
fragment lacking the SNARE domain

Experiments and data analysis were performed as in Figure 3-12, only that we used soluble
Syntaxin 13 fragments lacking the SNARE domain (aa 1-186). All pools are expressed as percent
of the GFP-only control. The total pool (A) was quantified from Synaptophysin immunostaining.
The recycling pool (B) and the RRP (C) were labeled with FM 4-64FX, by stimulating at 20 Hz for
30 and 2 seconds, respectively. Note that the FM-loaded RRP vesicles could be re-released by a
20 Hz/30 second stimulus in both conditions (“destain”, hashed bars). Spontaneously recycling
vesicles (D) were labeled by incubation with FM 4-64FX for 15 minutes in presence of 1 uM
tetrodotoxin. Note that expression of Syntaxin 13 fragments lacking the SNARE domain does not
exhibit any vesicle pool related effects. Data are presented as mean + SEM of 2-4 independent
experiments.

3.4.2 Monte Carlo modeling of RRP release

The observation that the RRP is strongly reduced upon blocking of endosomal fusion
confirms our hypothesis that the RRP requires endosomal sorting for its proper
function. As the total number of synaptic vesicles is not affected in absence of endosomal
fusion (Figure 3-12 A), it remains to be solved what could account for the observed
decrease in the response to an RRP-stimulus (Figure 3-12 C).

We assumed that fused RRP vesicles are occasionally retrieved as “dirty” vesicles
(impurified with e.g. plasma membrane material) that would normally get sorted upon
fusion with an endosome. If endosomal function is inhibited (as is the case upon
expression of the soluble Syntaxin 13 fragment), these “dirty” vesicles might remain
non-sorted and exhibit lower fusion-competence, and thus release probability, than
normal RRP vesicles. To obtain an estimate of the release efficiency of “dirty” RRP
vesicles that would explain the experimentally observed ~60% decrease in RRP size
upon endosomal inhibition, we generated a Monte Carlo model constructed from vesicle
numbers, release rates and endocytosis rates as previously published or determined in
this study (Figure 3-14 A; see section 2.10.2 for a detailed description of the model). The
model first monitored the normal release to a 20 action potential stimulus, followed by a

30 second recovery period. Afterwards, endosomal sorting was blocked and “dirty”
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vesicles were allowed to accumulate during a period of prolonged activity (1000 action
potentials at 1 Hz). Finally, the response to a second 20 action potential stimulus was
measured and expressed relative to the first one (color scale in Figure 3-14 B). Multiple
models simulated the RRP release in dependence on the stimulation frequency and
varying values for the variable of interest: the release probability of the “dirty” vesicles.
The model suggests that the observed decrease of the RRP at 20 Hz stimulation (Figure
3-12 C) can be explained by an approximately 6-fold reduction in release probability of
“dirty” vesicles compared to normal RRP vesicles (Figure 3-14 B, circle).

This model once more highlights the importance of endosomal sorting for RRP
function: (1) absence of endosomal sorting decreases the release probability of RRP
vesicles by a factor of 6; and (2) even at stimulation frequencies of only 0.5 Hz, such a 6-
fold decrease in release probability would already lead to a ~40% decrease in RRP

response (Figure 3-14 B, arrowhead).
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Figure 3-14: Monte Carlo modeling of vesicle pools in absence of endosomal sorting

(A) Monte Carlo model of RRP recycling. Normal (») vesicles were placed in the synapse;
endocytosis occasionally retrieved “dirty” (4) vesicles. The vesicle numbers (n), the number of
fused vesicles (nf), their probabilities to release upon stimulation (pr) or spontaneously (ps),
their probabilities to be endocytosed (pe) and the probability that a normal vesicle is retrieved as
a “dirty” one (and vice-versa) were all modeled according to our own data or to values obtained
from the literature (see section 2.10.2 for details). The response to a 20 action potential train is
monitored first in the absence of any “dirty” vesicles. This value is then compared to the response
to an identical stimulus applied after allowing the accumulation of “dirty” vesicles during a 1000-
AP, 1 Hz stimulation train (with the endosomal sorting inactive).

(B) The RRP release upon the second 20 action potential train (inactive endosomal sorting),
expressed as percentage of the first train (control), in dependence on the stimulation frequency
(X-axis) and the relative probability of release of “dirty” vesicles (Y-axis). The experimental
results from Figure 3-12 (~60% reduction in RRP response) are best explained by a model in
which the “dirty” vesicles exhibit a 6-fold lower release probability than the normal ones (circle).
Note that according to this model, even at stimulation frequencies of only 0.5 Hz, such a 6-fold
drop in release probability would already cause a reduction of ~40% in the size of the RRP
response (arrowhead).
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3.5 The Recycling-Step Necessitating Endosomal Sorting

Having established the requirement of endosomal sorting for RRP vesicles, the question
of which step in vesicle recycling calls for the involvement of the endosome remains
unanswered. Is endosomal sorting required because of vesicles intermixing with the
plasma membrane upon exocytosis, or does endocytosis retrieve contaminating

molecules from the plasma membrane together with the vesicle patches?
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Figure 3-15: Blocking of surface Synaptotagmin epitopes together with inhibition of
endocytosis allows for specific investigation of recently exocytosed vesicles

(A) Blocking pre-existing Synaptotagmin surface epitopes before stimulating exocytosis.
Hippocampal neurons were stained with fluorescently-coupled antibodies against the lumenal
domain of Synaptotagmin (604.2-Oyster550; see Table 2-1) either without (left panel) or with
(middle panel) a preceding treatment with the same unlabeled anti-Synaptotagmin antibodies.
This treatment was effective in blocking surface epitopes, as it drastically reduced the total
fluorescence intensity (bar graph). Scale = 25 pum.

(B) Endocytosis block to avoid investigation of re-internalized vesicles. Endocytosis of recently
fused vesicles needed to be prevented, as it would have resulted in the analysis of endocytosed
Synaptotagmin-labeled vesicles, instead of plasma membrane-exposed material. Therefore, the
labeling was performed either at 4°C or in absence of Mg2* and Ca?* at room temperature, to
allow for exocytosis but not endocytosis. To test the effectivity of this endocytosis block, we
labeled hippocampal neurons with unlabeled antibodies against the lumenal domain of
Synaptotagmin (604.2; see Table 2-1), fixed them (immediately after a brief (ice-cold) wash or
with an additional 2 minutes incubation on ice) and stained them with secondary fluorescent
antibodies either without (left panel; surface) or with (middle panel; total) permeabilization. The
fluorescence intensity quantification revealed no difference between permeabilized and non-
permeabilized samples, underscoring that the chosen labeling conditions result in all
Synaptotagmin antibodies persisting at the surface (i.e. block of endocytosis), even after a short
incubation of the preparations after labeling. Scale = 25 um.
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3.5.1 Exocytosis maintains synaptic vesicle identity

The current literature is ambiguous about whether synaptic vesicle molecules separate
in the plasma membrane upon exocytosis. While Synaptotagmin has been found to
remain clustered in the plasma membrane (Willig et al., 2006), when investigated by
antibody labeling and STED microscopy, various pHluorin-based experiments suggest
mixing of components among fused vesicles (see discussion in Fernandez-Alfonso and
Ryan, 2006). To investigate this question further, we used 2-color STED microscopy,
allowing us to simultaneously follow exocytosis of two synaptic vesicle proteins and to
measure their colocalization in the plasma membrane.

To focus solely on the step of exocytosis, we needed to avoid analysis of synaptic
vesicle protein clusters that are stranded in the plasma membrane (Gandhi and Stevens,
2003; Wienisch and Klingauf, 2006), which could be achieved by pre-blocking the
surface-exposed Synaptotagmin molecules with an unlabeled antibody against the
lumenal domain of Synaptotagmin (604.2, see Table 2-1). The efficiency of this
treatment was validated by performing immunostainings on neuronal cultures either
with or without pre-blocking of Synaptotagmin epitopes (Figure 3-15 A).

After pre-blocking of Synaptotagmin epitopes, we allowed exocytosis to deliver
new synaptic vesicles to the plasma membrane. In order to ensure exclusive
investigation of synaptic vesicle clusters present in the plasma membrane, as opposed to
already internalized vesicles, we performed the experiments either on ice or in absence
of the divalent ions Mg2+* and Ca?*. Both treatments effectively inhibit endocytosis, as
shown by immunostaining experiments with and without permeabilization (Figure 3-15
B), and thus enable us to only investigate synaptic vesicle material in the plasma
membrane.

When we measured the colocalization of Synaptotagmin and Synaptophysin in
the plasma membrane upon exocytosis by using 2-color STED microscopy, we were
unable to detect a difference compared to a positive colocalization control (Figure 3-16
A-B). This finding was independent of the method of inhibition of endocytosis employed
(ice or no divalents; Figure 3-16 C-D). Additionally, measurements of the spot-size of
Synaptotagmin and Synaptophysin puncta revealed that both proteins form small
clusters of at most ~60-70 nm (Figure 3-16 E). These findings suggest that at least two
of the most prominent synaptic vesicle components (Synaptotagmin and Synaptophysin;
Takamori et al., 2006) remain co-clustered upon exocytosis. Therefore, the synaptic
vesicle components do not seem to intermix with the plasma membrane upon

exocytosis, arguing that exocytosis per se does not necessitate endosomal sorting.
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Figure 3-16: Synaptotagmin and Synaptophysin remain co-clustered upon exocytosis

(A) Colocalization positive control. Only recently exocytosed vesicles are investigated, with the
experiments performed after blocking the surface Synaptotagmin epitopes with non-
fluorescently coupled antibodies (not shown in the cartoon; see Figure 3-15 A). Neurons are then
incubated with Atto 647N-coupled mouse Synaptotagmin antibodies (red; 604.2, see Table 2-1).
Endocytosis is blocked either by keeping the neurons on ice, or by incubating at room
temperature in absence of divalents (see Figure 3-15 B), to prevent the internalization of the
label. After fixation, the samples are immunostained with secondary anti-mouse antibodies
coupled to Atto 590 (green), resulting in Synaptotagmin being double-labeled in red and green.
Note the high colocalization in 2-color STED microscopy. Scale = 1 pm.

(B) Synaptotagmin/Synaptophysin colocalization. Neurons are incubated with Atto 647N-
coupled mouse Synaptotagmin antibodies (red, as in A) and rabbit antibodies that recognize the
lumenal domain of Synaptophysin (G96, see Table 2-1). After fixation, the samples are
immunostained with secondary anti-rabbit antibodies (Atto 590, green) to visualize the
Synaptophysin staining. Samples were treated exactly as in A. Scale = 1 um.

(C-D) Spot-to-spot distance analysis for experiments where endocytosis was blocked by low
temperature, on ice (C) or at room temperature in absence of divalents (D). Note that the two
sets of distributions are very similar.

(E) Spot size. Both Synaptotagmin and Synaptophysin form well-defined clusters of about 60-70
nm, within the resolution of the microscope - the real size of the clusters being thus at these
values or lower.

All data (C-E) represent mean + SEM of 3-6 independent experiments.

77



3.5.2 Endocytosis leads to impurities in synaptic vesicle composition

As synaptic vesicle proteins seemed to remain perfectly clustered upon exocytosis, we
wanted to investigate whether endocytosis leads to uptake of “dirty” vesicles by
retrieval of plasma membrane material along with the vesicle components (as we
assumed for the Monte Carlo simulations; see section 3.4.2).

In a previously performed set of experiments, we used immunostaining of
hippocampus neurons after thin sectioning (Punge et al., 2008) to investigate the
colocalization of Synaptophysin and the plasma membrane SNAREs Syntaxin 1 or SNAP-
25 inside the boutons either before or after stimulation. We found an increase in
colocalization upon stimulation (70 mM KCl), suggesting that endocytosis results in
uptake of the plasma membrane proteins Syntaxin 1 and SNAP-25 into the synaptic
vesicle cluster (Hoopmann, 2008). However, as these experiments could not exclude the
possibility that the plasma membrane material is endocytosed by a bulk endocytosis
mechanism, we devised a different assay to investigate the molecular composition of

small endocytosed vesicles more directly.
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Figure 3-17: Labeling of small vesicles by endocytosis in synaptosomes

(A) Synaptosomal preparations were labeled with FM 1-43 (using 50 mM KCI stimulation) and
the electron dense diaminobenzidine precipitate was generated by photo-oxidation (as in Figure
3-4). The micrograph shows one labeled vesicle (arrowhead). Note that the large dark structure
marked by an asterisk (top left corner) is a mitochondrion (labeled by diaminobenzidine
independent of the FM 1-43 presence; Grabenbauer et al., 2005). Scale = 200 nm.

(B) Intensity histograms of FM-labeled vesicles adsorbed onto glass coverslips. Background
intensity (black) follows an almost perfect Gaussian fit with a peak around zero fluorescence. The
intensities of the vesicles (red) are also normally distributed. Data points show the actual
distribution, line plots are Gaussian fits. The inset shows an example image of labeled vesicles
(the image was smoothed for display, as the signal-to-noise ratio is fairly low). Scale = 5 pm.

We conclude that the vesicle labeling is normally distributed, indicating a relatively
homogeneous pool of small (panel A) vesicles, with few larger organelles, which would
necessarily appear brighter, as FM fluorescence is directly proportional to the surface of the
labeled membrane.
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Figure 3-18: In vitro immunoassay to study recently endocytosed vesicle composition

(A) Synaptosomes were purified and stimulated by depolarization (50 mM KCI) in presence of
fluorescently-coupled antibodies against the lumenal domain of Synaptotagmin (orange; 604.2-
Oyster550, see Table 2-1). The vesicles were isolated, adsorbed onto glass coverslips, and
immunostained for a synaptic vesicle marker (red) and a protein of interest (green).

(B) Typical images of vesicles immunostained for Synaptobrevin (Syb) as protein of interest and
Synaptophysin (Syph) as synaptic vesicle marker. Several recently endocytosed vesicles are
indicated by circles in the (dim) Synaptotagmin (Syt) channel. Scale = 7.5 pm.

(C) Example of line-scans through a spot (vesicle) colocalizing in all three channels. Data points
show raw data (normalized to 100 arbitrary units), dashed lines are Gaussian fits. Colocalization
was assessed based on the correlation coefficient between the different signals.

To this end, we wanted to turn to rat brain synaptosomes (see section 2.5.1),
allowing for the isolation of individual synaptic vesicles after fluorescence labeling. We
first depolarized purified synaptosomes (50 mM KCl) in presence of the styryl dye FM 1-
43, to label recently endocytosed synaptic vesicles. When we investigated the labeled
synaptosomes by photo-oxidation electron microscopy (as in Figure 3-4), we found the
labeled vesicles to be small in diameter and easily distinguishable from unlabeled
vesicles (Figure 3-17 A). Furthermore, when we isolated synaptic vesicles from labeled
synaptosomes, the labeled vesicles appeared homogeneous in fluorescence intensity,
suggesting homogeneity in size (Figure 3-17 B). These observations argue that bulk
endocytosis events must be rather rare in our preparations, as the larger invaginations

would provide a much bigger membrane area for FM-dye binding and would thus

exhibit much higher fluorescence intensity.

79



>
2
W
=
(@)

clathrin machinery

80 *kk general pool 80 80
*k
4 recently endocytosed H H * st
S 60" © 60 *kk ° 60
3 8 8 ;
$ 10 £ 40 $ 40 *
k] k] k]
R 20 R 20 ® 20
0 o] 0
a N N 'y o & & S & & & @
& & § &€ ° f“ 6&& S S ‘\,\‘1‘ &q,oe
@ ¥ R N & ® ¥ & O &
& |2 & S R\ Q & L
© © e [ < & L S
R R < &5
A‘{b #& Q’v. v &*
% & N
D soluble E endosomal F controls
80 80 80
3 3 * 3
S 60 S 60 g oo
Z; . g ok . g
> 40 > 40 el > 40
k] 5 5
R 20 R 20 ® 20
0 p 0 N 0
4 G > 2 G > > ¥ » > « > ) 2
S N < & X TN R F & &
: ge & és\ec o & o ’5"\(‘ 'b*}o v Vg <y & & Q\Q z“z ‘\00 oobb Qérb\
< (9
o o x@v} s oee a“oo
\O )
= o q@ oo\"\
SV PM clathrin machinery soluble endosomal controls

*k%k

% change in recently
endocytosed vesicles

Figure 3-19: Endocytosis leads to impurities in synaptic vesicle composition

(A-F) Fractions of general pool vesicles (black) and recently endocytosed vesicles (gray)
containing a variety of proteins of interest.

(A) Synaptic vesicle (SV) proteins. These proteins are typically found on similar amounts of
general pool vesicles and recently endocytosed vesicles. Note that the increase observed for
Synaptotagmin I is likely due to the fact that the recently endocytosed vesicles are identified by
the presence of Synaptotagmin [ (604.2-Oyster550, see Table 2-1), while the general pool
vesicles might be lacking Synaptotagmin I and contain other Synaptotagmin isoforms instead.

(B) Plasma membrane (PM) proteins. Substantially more recently endocytosed vesicles than
general pool vesicles contain the plasma membrane SNAREs SNAP-25 and Syntaxin 1.

(C) Clathrin-mediated endocytosis machinery. Some of the clathrin-mediated endocytosis
machinery components are found on more recently endocytosed vesicles than general pool
vesicles.

(D) Soluble proteins. These proteins are typically associated with relatively low fractions of both
types of vesicles.

(E) Endosomal components. Several endosomal components are identified on more recently
endocytosed vesicles than general pool vesicles. (legend continued on next page)
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(F) Controls. Stainings for a non-synaptic protein (HA) and for pre- and post-synaptic ion-
channels (Calcium channel, NMDA receptor) show that the assay does not generally report an
increase in the recently endocytosed vesicles. It is possible, however, that values in the range of
~10-20% are due to unspecific staining. Further controls are: ‘green secondary’: immunostaining
for Synaptophysin as synaptic vesicle marker, combined with immunostaining with anti-mouse
secondary antibodies, as protein of interest; ‘only secondaries’: immunostaining with anti-rabbit
secondary antibodies as synaptic vesicle marker, combined with immunostaining with anti-
mouse secondary antibodies, as protein of interest.

(G) Data from A-F is plotted as the change in protein composition for the recently endocytosed
vesicles versus general pool vesicles. Positive values indicate an increase, negative values a
decrease in the fraction of recently endocytosed vesicles containing the proteins of interest.
Asterisks indicate significant changes (*p<0.05, **p<0.01, ***p<0.001; t-tests). Data are
presented as mean + SEM of 3-39 independent experiments (typically 3-6; Data for HA show
mean * range of values for 2 independent experiments, data for ‘only secondaries’ represent one
experiment).

After having verified that this procedure is capable of specifically labeling
actively cycling small synaptic vesicles, we depolarized purified synaptosomes (50 mM
KCl) in presence of a fluorescently coupled antibody against the lumenal domain of
Synaptotagmin (604.2-Oyster550; see Table 2-1; Rizzoli et al, 2006). After hypo-
osmotic lysis of the synaptosomes, the synaptic vesicles were adsorbed onto glass
coverslips and immunostained for various markers (Figure 3-18 A). We then
determined the fractions of recently endocytosed vesicles (the ones labeled with the
lumenal domain anti-Synaptotagmin antibody) and general pool vesicles containing the
particular markers by means of colocalization (Figure 3-18 B-C). While we found no
difference between the two types of vesicles with respect to the presence of synaptic
vesicle markers (Figure 3-19 A, G), clearly more of the recently endocytosed vesicles
contained the plasma membrane SNAREs SNAP-25 and Syntaxin 1 (Figure 3-19 B, G).
Furthermore, we found a significant enrichment of some clathrin-mediated endocytosis
components (Figure 3-19 C, G) and of components of the early endosomal machinery
(including the early endosomal SNARE Vtila, the early endosomal Rabs Rab4 and Rab5,
and the early endosomal lipid phosphatidyl-inositol-3-phosphate [PI(3)P]; Figure 3-19
E, G) on the recently endocytosed vesicles, confirming that a fraction of these vesicles
recycle through endosomes after clathrin-mediated endocytosis. Furthermore, the fact
that about 40% more of the recently endocytosed vesicles contain the plasma
membrane SNAREs SNAP-25 and Syntaxin 1 (Figure 3-19 G) indicates that the
probability of retrieval of a “dirty” vesicle is about 0.4, as we assumed for the Monte
Carlo modeling of RRP release Figure 3-14. It is noteworthy that whenever we detected
significant increases for the recently endocytosed vesicles, the increase was around 30-
40% (Figure 3-19 G), indicating that the vesicles enriched in the plasma membrane

SNAREs could be identical to the ones being associated with the other enriched factors.
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We conclude that it is the process of endocytosis that leads to impurities in
synaptic vesicle composition, and we therefore identify endocytosis as the step in vesicle

recycling necessitating endosomal sorting for the RRP vesicles.
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Figure 3-20: Plasma membrane and synaptic vesicle markers reside in different domains
in the endosome membrane

(A) PC12 bona fide endosomes were immunostained for SNAP-25 (green; rabbit polyclonal, see
Table 2-1) and Synaptophysin (red; mouse clone 7.2, see Table 2-1), and imaged by 2-color STED
microscopy. Upper panels show untreated (control) endosomes; lower panels show endosomes
incubated with methyl-B-cyclodextrin (MBC) for 30 minutes to extract cholesterol from the
membranes (Geumann et al,, 2009). Scale = 500 nm.

(B-C) Quantification of the Synaptophysin/SNAP-25 (as in A), Synaptophysin/Syntaxin 1 (G96
polyclonal / mouse clone 78.1; see Table 2-1) and Synaptophysin/Synaptobrevin (G96 polyclonal
/ mouse clone 69.1; see Table 2-1) correlation in PC12 endosomes (B) and synaptosomal
endosomes (C). The Pearson’s correlation coefficient was calculated for 19 to 176 endosomes
(typically ~120 for PC12 endosomes and ~40 for synaptosomal endosomes); values are
expressed as percent of control (black). Asterisks indicate significant changes (*p<0.05,
**¥p<0.01). Note that cholesterol extraction by MBC increases the correlation between
Synaptophysin and the plasma membrane proteins SNAP-25 and Syntaxin 1, but not between the
two synaptic vesicle proteins Synaptophysin and Synaptobrevin.

Extraction experiments were performed with the help of C. Schafer (STED Microscopy of Synaptic
Function, European Neuroscience Institute Gottingen).
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3.6 How Can Endosomes Sort Synaptic Vesicle Components?

The results obtained so far consistently reported and solidified endosomal
function/fusion to be required for the recycling of RRP vesicles. Although we found that
endocytosed vesicles have a propensity to be retrieved containing plasma membrane
impurities, it is unclear how the endosome would sort synaptic vesicles and rid them of
these impurities. That, however, this kind of sorting is likely to happen is highlighted by
the combined findings of the in vitro immunoassay presented above and the Monte Carlo
model of RRP release: if “dirty” vesicles were allowed to accumulate without sorting,
RRP release would be drastically reduced - a situation not encountered with intact
endosomal function (see Figure 3-14 B).

To assess whether formation of lipid raft-like membrane domains contributes to
the separation of different components in the endosome, we investigated isolated
endosomes (either bona fide early endosomes purified from neuroendocrine PC12 cells,
Rizzoli et al., 2006, or synaptosomal organelles) by 2-color STED microscopy (see
section 2.3.2.3). We found the synaptic vesicle marker Synaptophysin and the plasma
membrane markers Syntaxin 1 or SNAP-25 to largely avoid each other in endosomal
membranes, as shown by their poor colocalization (Figure 3-20 A, upper panels).
Interestingly, extraction of cholesterol from the endosomal membranes by incubation
with methyl-B-cyclodextrin (MBC; Geumann et al, 2009) resulted in partial
colocalization of synaptic vesicle and plasma membrane markers (Figure 3-20 A-C). To
the contrary, the colocalization of the two synaptic vesicle proteins Synaptophysin and
Synaptobrevin decreased slightly upon cholesterol extraction (at least in PC12
endosomes; Figure 3-20 B-C). Overall, these findings suggest a key role for cholesterol in
the organization and integrity of the endosomal membrane and thus for the recycling of

RRP vesicles through endosomes.
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4. DISCUSSION

In this study, we have thoroughly investigated the involvement of endosomes in
synaptic vesicle recycling. Our results clearly suggest endosomal sorting to be of major
relevance, at least for the RRP vesicles. The implications of our results will be discussed

along with the open questions in the following sections.
4.1 Exchange of Molecules during Vesicle Recycling

Our 2-color STED colocalization measurements of Synaptotagmin and Synaptophysin
upon exocytosis revealed that these two prominent components of synaptic vesicles
remain co-clustered in the plasma membrane (Figure 3-16). There are a number of
reports that are in agreement with our finding: first, Synaptophysin was not found to
accumulate in the plasma membrane of frog neuromuscular junctions after prolonged
activity triggered by alpha-latrotoxin (which opens pre-synaptic calcium channels;
Valtorta et al, 1988); second, the plasma membrane SNARE Syntaxin 1 was not
observed to cycle between the plasma membrane and synaptic vesicles in hippocampal
neurons, as indicated by the constant surface fluorescence of Syntaxin 1-pHluorin upon
recycling pool (20 Hz/30 seconds) or even much stronger (100 Hz/30 seconds)
stimulation (Mitchell and Ryan, 2004); third, studying single vesicle fusion and retrieval
events using SynaptopHluorin detected “stranded” vesicles that remained in the plasma
membrane for more than 45 seconds before being retrieved with unchanged
fluorescence quantal size (Gandhi and Stevens, 2003); fourth, Synaptotagmin was found
to remain in clusters corresponding to the complement of single synaptic vesicles after
exocytosis when investigated by STED microscopy (Willig et al, 2006); fifth, when
Synaptotagmin was labeled with two different fluorescent antibodies, the two pools did
not seem to intermix during vesicle recycling (Opazo et al., 2010).

In combination with our additional finding that synaptic vesicle components
persist as multi-component patches upon exocytosis, the implications from these results
are that no substantial mixing of plasma membrane and vesicle components takes place
in the plasma membrane. Despite these agreements, this conclusion is in discrepancy
with some other previous reports, which are therefore further discussed below.

Ryan and coworkers studied the intermixing of Synaptobrevin residing in
synaptic vesicles with the Synaptobrevin surface pool by using a SynaptopHluorin-based
imaging approach (Fernandez-Alfonso et al., 2006). They first applied a recycling pool

stimulus to hippocampal neurons expressing SynaptopHluorin to determine the
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fluorescence response generated by vesicles featuring only intact pHluorin molecules.
They next bleached all surface-exposed pHluorin molecules and applied another
recycling pool stimulus to deliver new non-bleached pHluorin to the surface. A
subsequent extended rest period allowed for the intermixing of bleached and non-
bleached SynaptopHluorin and for the endocytosis of vesicles. A third round of recycling
pool stimulation resulted in a ~50% reduced pHluorin response, when compared with
the response to the initial pre-bleaching stimulus, which was interpreted as intermixing
of bleached and non-bleached SynaptopHIluorin on the surface and subsequent release
of vesicles containing only ~50% intact (non-bleached) pHluorin. Despite the elegant
approach and the seemingly logical interpretations, there is a major pitfall to these
experiments. As the pHluorin experiments rely on bulk responses to stimulation, Ryan
and coworkers cannot make a crucial distinction between the following two scenarios:
(1) exocytosis of half-bleached vesicles (containing the same numbers of bleached and
non-bleached pHluorin molecules), indicative of intermixing in the plasma membrane;
(2) exocytosis of equal numbers of fully bleached vesicles (containing only bleached
pHluorin molecules) and fully non-bleached vesicles (containing only non-bleached
pHluorin molecules), indicative of no intermixing in the plasma membrane. Due to this
shortcoming, the conclusion from this report cannot be sustained and thus does conflict
with our present finding.

In a different study, SynaptopHluorin harboring a cleavage site between the
pHluorin and Synaptobrevin moieties was used to investigate the retrieval of synaptic
vesicles in hippocampal cultures (Wienisch and Klingauf, 2006). Wienisch and Klingauf
cleaved the surface-exposed SynaptopHluorin and then stimulated at 20 Hz for 20
seconds to deliver non-cleaved SynaptopHluorin to the plasma membrane. By
monitoring the spatio-temporal distribution of the released SynaptopHluorin, they
discovered spreading of the SynaptopHluorin in the plasma membrane, indicative of an
intermixing of vesicle and plasma membrane material. Furthermore, Wienisch and
Klingauf observed that after having cleaved surface-exposed SynaptopHluorin,
fluorescence did not return to baseline after a 20 Hz/5 seconds stimulation train, which
they interpreted as indicative of compensatory endocytosis of pre-cleaved
SynaptopHluorin (which would not contribute to the fluorescence decrease caused by
re-acidification of internalized vesicles). In agreement with their supposition that the
vesicle- and surface-pool of SynaptopHluorin intermix in the plasma membrane, they
observed complete return to baseline fluorescence when they allowed prolonged
stimulation (5 Hz/ 40 seconds) to equilibrate surface-exposed cleaved SynaptopHIluorin

with non-cleaved vesicular SynaptopHluorin, before applying the 20 Hz/5 seconds
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stimulus. Although seemingly incompatible at first glance, these findings can be readily
reconciled with our present results: Wienisch and Klingauf suggested that the
incomplete return to baseline fluorescence could also be accounted for by “readily
retrievable” vesicle patches (containing cleaved SynaptopHluorin), which would be
preferentially retrieved during mild stimulation (up to 20 Hz/2 seconds). This is also in
agreement with the recent finding that mild stimulation does not seem to cause
diffusion of Synaptotagmin out of boutonal areas, while recycling pool stimulation
caused substantial diffusion (Opazo et al., 2010). This latter report also discovered that
the pHluorin-chimeras of synaptic vesicle proteins are present in rather diffuse
organization in the plasma membrane, while their native counterparts appeared
clustered - thus the diffusion observed in SynaptopHluorin experiments (Wienisch and
Klingauf, 2006) might be an artifact of improper protein clustering, induced by the
pHluorin tag. As a concluding remark it should be noted that the observed co-clustering
of Synaptotagmin and Synaptophysin cannot exclude the possibility of vesicles breaking
apart into several sub-vesicular patches, as the Synaptotagmin/Synaptophysin clusters
exhibited diameters around the resolution limit of the used 2-color STED setup (~60
nm; so that smaller clusters would go undetected). However, the fact that
Synaptotagmin has already been shown to remain in patches containing the full
Synaptotagmin complement of a single vesicle (Willig et al., 2006), this seems unlikely.
Our conclusion of synaptic vesicles persisting as multi-component patches has
important implications for the recycling of synaptic vesicles. In principle, this clustering
of vesicular components in the plasma membrane would allow the endocytosis
machinery to retrieve intact synaptic vesicles, which would only need to be refilled with
neurotransmitter to be ready for their next round of fusion (as suggested by Takei et al,,
1996). When we compared the composition of the general pool of vesicles with that of
the recently endocytosed synaptic vesicles in synaptosomal preparations (Figure 3-19),
we found the recently endocytosed vesicles to be enriched in plasma membrane
material (Syntaxin 1 and SNAP-25). This is remarkable in view of the aforementioned
results, because it implies that the endocytosis step somehow causes intermixing of
plasma membrane and vesicle components. We propose that the vesicle components
remain largely co-clustered in the plasma membrane, but that the clathrin machinery
only imperfectly retrieves these clusters. This is likely due to the fact that of the large
number of synaptic vesicle components, only few are able to interact directly with the
clathrin machinery (Jung and Haucke, 2007). This would lead to internalization of
vesicles containing normal amounts of some typical synaptic vesicle components (most

notably Synaptotagmin; Jung and Haucke, 2007), but could by chance also contain sub-
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normal amounts of others. Thus, a retrieved vesicle might be lacking sufficient amounts
of essential fusion proteins, so that it loses its fusion competence (see below).
Interestingly, Richard Tsien and coworkers suggested a model where several
rounds of kiss-and-run fusion of an individual vesicle could be followed by a full collapse
fusion / clathrin-mediated endocytosis event (Zhang et al, 2009). Irrespective of
whether their claims of kiss-and-run are correct, we would like to adopt their concept of
primary and secondary recycling pathways: normally, the retrieved vesicles are
sufficiently enriched in all essential synaptic vesicle components, so that another round
of fusion can be readily accomplished after neurotransmitter refilling; if, however, the
retrieved vesicle lacks some of the required components, it might fall back to a
secondary recycling pathway, allowing for replenishment with the missing components.
From our results, we would argue that this secondary pathway involves fusion to an
endosomal compartment, from which new fusion-competent vesicles can bud (see the

following section).

4.2 Mechanisms of Endosomal Sorting of Synaptic Vesicles

Several of our experiments confirmed the involvement of endosomes in synaptic vesicle
recycling in cultured hippocampal neurons. First, we observed substantial release of the
pHluorin-chimeras of the endosomal SNAREs Syntaxin 6, Syntaxin 13 and Vtila upon
electrical stimulation releasing either the RRP or the recycling pool of vesicles (Figure
3-3). Second, photo-oxidation experiments and the analogous Qdot experiments
revealed the transient fusion of endocytosed vesicles to an endosome-like organelle and
the subsequent budding of small vesicles from this compartment (see Figure 3-4 and
Figure 3-5). Third, synaptic vesicles fuse with bona fide endosomes, as shown by the
colocalization of internalized anti-Synaptotagmin antibody with Rab5-positive
endosomes (see Figure 3-9 and Figure 3-10). Fourth, inhibition of endosomal function
by expression of soluble Syntaxin 13 fragment drastically reduced RRP size (Figure
3-12). Fifth, recently endocytosed vesicles in synaptosomes are enriched in endosomal
proteins and lipids, when compared with the general pool of vesicles (Figure 3-19).
These experiments establish several important aspects of synaptic vesicle
recycling beyond the crude observation that synaptic vesicles can fuse with early
endosomes (which was to be expected in view of earlier in vitro experiments; Rizzoli et
al., 2006). First and foremost, the photo-oxidation experiments show that endosomal
recycling is not necessarily a slow pathway, as originally proposed (Heuser and Reese,

1973). We now identified this recycling pathway as a fast pathway, requiring 30 seconds
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for the completion of a cycle, about as fast as kiss-and-run recycling (Aravanis et al,,
2003). In view of the fact that endosomal recycling will most likely not be required after
every round of fusion (see above), this timescale should be sufficient to maintain
neurotransmitter release also during heavy bursts of activity. Furthermore, it is striking
that the vesicles fused to endosomes after a RRP releasing stimulus (20 Hz / 2 seconds)
in the photo-oxidation experiments correspond to about 70% of the RRP vesicles in this
preparation. This is in line with the notion that not every vesicle fusion event culminates
in the fusion to an endosome, likely due to the fact that vesicles are only retrieved as
“dirty” vesicles in 40% of all cases (as shown by the in vitro immunoassay experiments;
Figure 3-19).

Although our results confirm endosomal recycling of synaptic vesicles, the
factors required for budding of vesicles from the endosome remain to be identified.
Studies on microvesicle formation in PC12 cells suggest two potential factors
(Lichtenstein et al.,, 1998), but it remains unclear whether these would be universal
factors also involved in vesicles budding from neuronal endosomes.

Another open question concerns the mechanisms of sorting at the endosome.
From what we know about receptor trafficking via endosomes (see section 1.2), the
simplest mechanism to propose would be geometric sorting combined with raft-like
membrane arrangements. In favor of this hypothesis are the co-clustering of the
synaptic vesicle proteins Synaptotagmin and Synaptophysin (Figure 3-16) in the plasma
membrane, and the co-clustering of the vesicle proteins Synaptobrevin and
Synaptophysin in endosomes (Figure 3-20). It is likely that these clusters are not only
protein-related but also involve preferences for different lipid components, reminiscent
of membrane rafts (Simons and Ikonen, 1997). This possibility has been recently tested
in purified endosomes from PC12 cells (Geumann et al., 2009), with the conclusion being
that Synaptophysin and several SNAREs form cholesterol-dependent domains in the
endosomal membrane. Interestingly, these domains were not affected by fusion of the
endosomes with artificial liposomes, irrespective of the lipid composition of the
liposomes. The role of domains is now reinforced by our finding that the poor
colocalization of the plasma membrane proteins SNAP-25 and Syntaxin 1 with the
vesicle protein Synaptophysin increased upon extraction of cholesterol from the
endosomes, while the same treatment seemed to decrease the colocalization of
Synaptobrevin with Synaptophysin. We propose that the formation of synaptic vesicle-
like membrane domains in the endosome may assist the formation of new fusion-
competent synaptic vesicles from the endosomes. Whether vesicle components can be

actively targeted to those domains will require further investigation.
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4.3 Synaptic Vesicle Pools and Endosomal Recycling

As mentioned above, our results imply that endosomal recycling is not equally
important for all synaptic vesicles. Using the pHluorin-chimeras of endosomal SNARESs,
we investigated the mobilization of these SNAREs upon electrical stimulation releasing
either the RRP (20 Hz / 2 seconds) or the recycling pool of vesicles (20 Hz / 30 seconds).
These experiments showed that (compared to the mobilization of Synaptobrevin, which
is expected to be present on all vesicles) a relatively large amount of the endosomal
SNAREs is mobilized during RRP stimulation, whereas recycling pool stimulation only
caused slightly higher mobilization of these SNAREs. This was indicative of the fact that
the functionally defined vesicle pools might also differ in terms of molecular
composition. It seemed as if the majority of RRP vesicles contained the endosomal
SNAREs, while the recycling pool vesicles do not contain substantial amounts of these
proteins (as indicated by the small additional mobilization of endosomal SNAREs upon
recycling pool stimulation). In support of this finding, endocytosed Synaptotagmin
molecules reached bona fide endosomes in hippocampal neurons expressing Rab5-GFP
variants upon RRP stimulation, and the amount of colocalization increased only
marginally upon recycling pool stimulation. Taken together, we could hypothesize that
the molecular difference between RRP and recycling pool vesicles is connected to the
functional difference in their recycling: the RRP vesicles contain endosomal SNAREs,
which together with the early endosomal fusion Rab, Rab5, (that we also found enriched
on recently endocytosed vesicles; Figure 3-19) enable these vesicles to fuse to early
endosomes, where their molecular composition could be maintained via yet to be
determined sorting mechanisms (see above). In any case, as we observed a 60%
decrease in the RRP size upon inhibition of endosomal fusion (using soluble Syntaxin 13
fragments; Figure 3-12), the importance of endosomal recycling, especially for the RRP,
cannot be neglected. The results from these latter experiments allow another
conclusion. Assuming a RRP size of 10 vesicles and a recycling pool size of 20 vesicles
(which corresponds to the pool sizes in hippocampal neurons; Rizzoli and Betz, 2005), a
60% reduction in the RRP corresponds to 6 vesicles. Intriguingly, if these vesicles were
to integrate into the recycling pool of vesicles, its size would in turn increase by 30%,
which is close to what we observed (~25%; Figure 3-12). The fact that we observed no
effect on the total number of vesicles upon inhibition of endosomal fusion is in favor of
this “pool conversion”.

That the RRP vesicles preferentially recycle through endosomes (and that they

contain endosomal SNAREs) constitutes one of the first reported mechanistic (and
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molecular) differences between the functionally defined vesicle pools. Although
Synapsin has been identified as an immobilizing factor cross-linking the reserve pool
vesicles, contradictory observations rendered this notion inconclusive (Rizzoli and Betz,
2005).

The fact that we also observed an increase in the spontaneous exocytosis of
synaptic vesicles after inhibition of endosomal function could be attributed to the fact
that the RRP is so heavily affected by the inhibition of endosomal fusion. If the
endosome is normally required to maintain a tightly controlled pool of fusion-
competent vesicles, inhibition of this function will inevitably diminish the synapse’s
ability to respond to incoming stimuli. The Monte Caro modeling actually predicts that
even as low stimulation frequencies as 0.5 Hz would already reduce the RRP by about
40% if endosomal sorting were non-functional (Figure 3-14). Thus, the increased rate of
spontaneous fusion could simply be a way of coping with “dirty” RRP vesicles in absence
of a better mechanism. By exhibiting higher spontaneous fusion rates, the synapse might
try to take advantage of its imperfect endocytosis system and its inbuilt tendency to mix
components - just by chance, some vesicles might pick up the required components to
become competent RRP vesicles again, so that they can participate in evoked release.

These considerations could partially change our perspective on the cause-and-
effect relation between endosomes and vesicle pools: we should think in terms of “RRP
vesicles are RRP vesicles, because they recycle through endosomes” and not in terms of
"RRP vesicles recycle through endosomes, because they are RRP vesicles”. Affiliation
with the classical functional vesicle pools only constitutes a classification of, rather than
a property of, synaptic vesicles. Thus it follows that those vesicles, which are not tightly
controlled with respect to molecular composition, will be functionally classified as

recycling pool vesicles.

4.4 Perspectives for Synaptic Vesicle Recycling

Why is endosomal recycling especially important for RRP vesicles? We propose that
these are the only vesicles that are directly required for maintenance of evoked
neurotransmitter release. The RRP constitutes those vesicles that are released first upon
activity. They might in fact be the only vesicles drawn from under physiological activity,
as the reserve pool can only be mobilized in vitro upon heavy, prolonged stimulation. In
agreement with this notion, we found similar amounts of vesicles colocalizing with bona
fide endosomes both upon inherent culture activity and after a RRP releasing electrical

stimulus (Figure 3-9), arguing that these cells normally (at least in culture) only use the
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RRP vesicles for neurotransmitter release. That the colocalization was slightly higher in
the stimulated preparations can be explained by the defined sampling after a brief RRP
or recycling pool stimulus (10 seconds post-stimulus, as identified in the photo-
oxidation experiments). A similar consideration holds for the slight increase in
correlation upon stimulation in the live-STED experiments (Figure 3-10): although
inherent culture activity draws vesicles from the RRP, externally applied recycling pool
stimulation quickly depletes the RRP (and the recycling pool vesicles), leading to more
synchronized transit of vesicles to the endosome.

The high level of activity required to release the recycling pool (and even more
so the reserve pool) in vitro may never be reached in vivo, thus calling for an alternative
functional relevance of the recycling/reserve pool vesicles. If they are normally not used
for neurotransmitter release, what is the purpose of their presence in the synapse? We
propose that they may serve as a “reservoir” of molecules, rather than organelles
intended for release (personal communication: A. Denker, STED Microscopy of Synaptic
Function, European Neuroscience Institute Gottingen). By resembling/mimicking
functional RRP vesicles, the “reservoir vesicles” can interact with many of the soluble
factors involved in synaptic vesicle recycling (including Rabs and their effectors, clathrin
and their adaptor proteins, NSF and a-SNAP, etc.) and keep them from diffusing out of
the pre-synaptic space. This way, the majority of all vesicles in a synapse might be of
extraordinary relevance for synaptic vesicle exocytosis, but in a much more indirect way
than previously believed. Whether this hypothesis can be corroborated, and whether
this hypothesis maintains a distinction between “reservoir vesicles” and a reserve pool
remains to be seen.

The results from this study, to some extent, make a kiss-and-run recycling
pathway superfluous. As mentioned in the introduction, no molecular determinants of
kiss-and-run have been identified. It remains a hypothetical model that is highly
contested. The theoretical advantages this model has to offer are mainly the speed of
recycling and the inbuilt maintenance of vesicle identity. However, our results show that
even with endosomal recycling the speed of recycling after full-collapse fusion is on the
same timescale as proposed for Kiss-and-run. As our data implies that endosomal
sorting does not necessarily take place after every round of fusion, the average recycling
time of classical full-collapse fusion will not drastically exceed the time required for
kiss-and-run recycling. Together with the concept of readily retrievable vesicles
(Fernandez-Alfonso et al., 2006; Wienisch and Klingauf, 2006), these considerations
negate the possible advantage in speed typically attributed to kiss-and-run recycling.

The second potential advantage of kiss-and-run, maintenance of vesicular identity, is
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also open for discussion in view of the present findings. We found vesicle components to
remain largely co-clustered both in the plasma membrane and in endosomes. Taken the
well-established clathrin-mediated endocytosis pathway (which can at least recognize
Synaptotagmin), the potential formation of membrane raft arrangements enriched in
synaptic vesicle material, and the established role of endosomes in sorting, the
endosomal recycling pathway seems at least as well-suited for maintaining vesicle
identity as a potential kiss-and-run mechanism. As a matter of fact, a recent report from
the group of Richard Tsien suggests that kiss-and-run events can be followed by full-
collapse fusion of the same vesicle (Zhang et al,, 2009). Maybe it is not kiss-and-run that
maintains the molecular identity, but endosomal recycling that is required for re-
establishing the vesicle composition (also) after kiss-and-run events - the sorting
mechanism that has to be proposed to account for molecular maintenance during kiss-
and-run has to prevent lateral diffusion of vesicle components into the plasma
membrane and could involve a trans-membrane clamp protein flanking the fusion pore
(although this is purely speculative in view of the fact that FM dye was shown to readily

diffuse away from fused vesicles; Zenisek et al., 2002).
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5. SUMMARY AND CONCLUSIONS

The hallmark of neurotransmission at the chemical synapse is the release of low
molecular weight neurotransmitters from synaptic vesicles. Synaptic vesicles are small
(~42 nm) membrane-bounded, neurotransmitter-filled organelles residing in the pre-
synaptic nerve terminal (bouton). Upon arrival of an action potential at the pre-synaptic
bouton, calcium influx through voltage-gated calcium channels triggers the fusion
(exocytosis) of synaptic vesicles with the plasma membrane at a specialized area termed
active zone. The exocytosis of synaptic vesicles causes release of the neurotransmitter
into the synaptic cleft, the tight space between the pre- and post-synaptic cells. Here, the
transmitter spreads by diffusion and binds to surface receptors on the post-synaptic cell,
eventually eliciting an electrical response. The fused synaptic vesicles are retrieved into
the pre-synaptic nerve terminal (endocytosis) and are refilled with neurotransmitter
before being integrated into the synaptic vesicle pool.

The pre-synaptic pool of synaptic vesicles has been classically described as
consisting of three functionally defined pools: (1) The readily releasable pool (RRP)
vesicles are the most fusion-competent vesicles and they are the first ones to undergo
fusion upon stimulation, in line with the description that they correspond to the vesicles
morphologically docked at the active zone; in cultured hippocampal neurons, this pool
only constitutes ~5% of all vesicles (10 out of 200) and it can be released by a brief 20
Hz/2 seconds electrical stimulus. (2) The recycling pool measures ~10% of all vesicles
(20 out of 200) in hippocampal cultures and it can be released only by prolonged 20 Hz/
30 seconds stimulation in vitro; whether this pool of vesicles exhibits any molecular
differences from the RRP remains to be determined. (3) The reserve pool of vesicles
(~85%; 170 out of 200) cannot be stimulated to release in cultured hippocampal
neurons and its mobilization requires strong, non-physiological stimulation in other
preparations.

Various models of synaptic vesicle recycling including “kiss-and-run”, clathrin-
mediated endocytosis, endosomal recycling and bulk endocytosis have been proposed in
the past. In the most recent model, kiss-and-run, vesicles are thought to fuse transiently
to the plasma membrane without loss of identity via the opening of a fusion pore and the
subsequent retraction of the vesicles into the bouton. The classical mode of exocytosis,
on the other hand, involves complete collapse of the vesicles into the plasma membrane

upon fusion of the two lipid bilayers. Retrieval of the vesicles is then achieved via
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clathrin-coated pits and vesicles, and the vesicles can integrate into the synaptic vesicle
cluster by simply uncoating or by recycling through an endosomal compartment.
Another recycling pathway, bulk endocytosis, also involves full-collapse fusion of
vesicles, but is thought to retrieve multiple vesicles at once by forming large plasma
membrane invaginations, which can pinch-off and form internal cisternae, from which
new vesicle can form by budding. Bulk endocytosis has been described to be mainly
functional under circumstances of heavy exocytotic load. Whether the identity of fused
synaptic vesicles in the plasma membrane is maintained or whether the components
intermix with plasma membrane components is still a matter of debate.

In this study we set out to investigate the involvement of endosomes in the
recycling of synaptic vesicles by employing several advanced imaging approaches. The
main questions to be addressed were: (1) Do endosomal proteins cycle between internal
organelles and the plasma membrane upon stimulation? (2) Do synaptic vesicles fuse
with endosomes during recycling? (3) Does inhibition of endosomal function have an
effect on any of the synaptic vesicle pools? (4) Do vesicle and plasma membrane
components intermix during synaptic vesicle recycling? (5) How could endosomal

sorting maintain synaptic vesicle identity?

5.1 Do Endosomal Proteins Cycle Between Internal Organelles and the

Plasma Membrane upon Stimulation?

To investigate the cycling of endosomal proteins between internal organelles and the
plasma membrane, we developed three novel reporters of vesicle exocytosis. These
reporters were generated by fusing a pH-sensitive variant of GFP (pHluorin) to the
lumenal domain of the early endosomal SNARE proteins Vtila, Syntaxin 13 and Syntaxin
6. As the pHluorin-moiety is quenched at the acidic pH of internal organelles (synaptic
vesicles, endosomes), but brightly fluorescent at the neutral pH of the extracellular
medium, these new pHluorin-chimeras can serve as reporters of exocytosis of vesicles
containing these endosomal SNAREs.

We expressed our reporters in hippocampal neurons and verified that they are
properly expressed on internal organelles, with the surface fraction of all three
pHluorin-chimeras being less than 10%. When we stimulated the neurons to release the
RRP, we could detect a substantial release of all three endosomal pHluorins, comparable
to the release of the pHluorin-variant of the synaptic vesicle protein Synaptobrevin

(SynaptopHluorin). When we applied a recycling pool releasing stimulus, we only
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observed slightly higher release of the endosomal SNAREs, while the increase in
SynaptopHluorin release was sizeable. These results not only established that
endosomal SNARESs cycle together with recycling synaptic vesicles, but it also suggested

that endosomal SNAREs are predominantly present on the RRP vesicles.

5.2 Do Synaptic Vesicles Fuse with Endosomes During Recycling?

After the pHluorin experiments suggested an involvement of endosomal SNAREs in the
recycling of RRP vesicles, we went on to investigate the passage of recycling synaptic
vesicles through endosomes by a number of assays.

We first labeled RRP vesicles in hippocampal neurons with the styryl dye FM 1-
43 and allowed a resting period of 4, 10 or 30 seconds, before processing the
preparations for photo-oxidation and electron microscopy. The photo-oxidation
generates an electron-dense precipitate (in the places where FM dye labeling is present)
that can be detected in electron microscopy. While all labeled organelles where small
after 4 seconds, larger labeled structures appeared after 10 seconds and disappeared
again after 30 seconds. The simplest interpretation of these results is that endocytosed
RRP vesicles fuse to endosomes, which later bud small vesicles.

As the photo-oxidation results could not clearly identify the observed large
labeled structures as endosomes due to the lack of endosomal markers, we turned to
expression of the early endosomal protein Rab5 (fused to GFP). By following several
different labeling schemes with fluorescent antibodies against the synaptic vesicle
protein Synaptotagmin, we could corroborate that synaptic vesicles fuse with bona fide
Rab5-positive endosomes. Interestingly, these experiments consistently showed no (or
very little) increase in the amount of Synaptotagmin reaching the endosomes, when

comparing recycling pool stimulation with RRP stimulation.

5.3 Does Inhibition of Endosomal Function Have an Effect on Any of

the Synaptic Vesicle Pools?

As several of the results suggested a role of endosomal fusion for the RRP vesicles, but
not for the recycling pool vesicles, we performed a different set of experiments focusing
on vesicle pool related effects of inhibiting endosomal function. To this end, we
expressed in hippocampal neurons soluble fragments of the early endosomal SNARE

Syntaxin 13, which engages its cognate SNARE partners on the endosomal and synaptic
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vesicle membranes in non-fusogenic SNARE complexes, therefore specifically inhibiting
the fusion of synaptic vesicles with endosomes. While the total amount of synaptic
vesicles was not affected, we observed a drastic 60% decrease in the RRP size,
concurrent with a 25% increase in recycling pool size and a 50% increase in
spontaneous exocytosis. By simulating RRP release in absence of endosomal recycling in
a Monte Carlo model, we determined the release probability of the non-sorted retrieved
vesicles to be about 6-fold lower than the release probability or normal RRP vesicles.

We conclude that endosomal function is of crucial importance for the
maintenance of the RRP. The observed increase in recycling pool is likely due to a
conversion of RRP vesicles to recycling pool vesicles, while the increase in spontaneous
exocytosis could be a rescue mechanism to achieve chance-based sorting during

endocytosis.

5.4 Do Vesicle and Plasma Membrane Components Intermix during

Synaptic Vesicle Recycling?

After having established and corroborated endosomal recycling of synaptic vesicles by
multiple assays, the question of which recycling step necessitates endosomal sorting
remained. To address this issue, we first investigated Synaptotagmin/Synaptophysin
colocalization in the plasma membrane of hippocampal neurons upon exocytosis by 2-
color STED microscopy. The two proteins appeared to persist as multi-component
protein clusters in the plasma membrane, with no trace of substantial diffusion. We next
developed an in vitro immunoassay to compare the composition of isolated general pool
vesicles and recently endocytosed vesicles purified from rat brain synaptosomes. We
identified endocytosis as the recycling step likely inducing the requirement for
endosomal sorting, as the recently endocytosed vesicles were enriched in several
contaminating components, including the plasma membrane SNAREs SNAP-25 and
Syntaxin 1, the early endosomal proteins Vtila, Rab4, Rab5 and the early endosomal
lipid PI(3)P. We could tentatively conclude that about 40% of the endocytosed vesicles

were retrieved as “dirty” vesicles.

5.5 How Could Endosomal Sorting Maintain Synaptic Vesicle Identity?

Although we could identify endocytosis to be the recycling step necessitating endosomal

sorting of RRP vesicles, just how the endosome would sort the vesicular components
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remained enigmatic. As we had found Synaptotagmin and Synaptophysin to remain co-
clustered upon exocytosis, and as the formation of raft-like proteo-lipid domains in
endosomes has been described at least for Synaptophysin (Geumann et al., 2009), we
turned to endosomes purified from neuroendocrine PC12 cells or synaptosomes and
analyzed the colocalization of Synaptophysin with the plasma membrane SNAREs SNAP-
25 and Syntaxin 1 or with the synaptic vesicle SNARE Synaptobrevin. As expected,
colocalization was only appreciable for Synaptophysin/Synaptobrevin in control
conditions. However, when we extracted cholesterol from the endosomal membranes by
incubating with methyl-p-cyclodextrin, the colocalization of Synaptophysin with SNAP-
25 and Syntaxin 1 increased markedly. This was indicative of the fact that vesicle
components are not only preserved as multi-component clusters in the plasma
membrane, but that they also gathered as multi-component patches in the endosomal
membrane. The cholesterol-dependence of the clustering furthermore highlights that
different protein clusters might have preferences for different lipid environments,
facilitating the sorting/separation of material in the endosome without the need for
sorting/targeting sequences for each protein. We conclude that endosomal sorting is
likely to be based on a geometry-based raft-assisted mechanism, but the processes
governing the sorting of vesicle material in endosomes will require further in-depth

investigation.

5.6 Open Questions

In summary, this study could successfully provide the long-awaited direct evidence for
endosomal recycling of synaptic vesicles by combining novel endosomal pHluorins,
photo-oxidation electron microscopy and expression of Rab5-GFP variants as markers
for early endosomes. Taken together, these experiments leave no doubt that endosomes
are involved in the recycling of synaptic vesicles. Exceeding our expectations, we were
also able to identify a specific role of endosomal sorting for the RRP vesicles, which
triggers a number of open questions (discussed below).

First, it is unclear how many copies of the endosomal SNAREs would be required
per vesicle in order to establish RRP vesicle properties. Although the pHluorin
experiments showed that the fractional release of endosomal SNAREs relative to the
fractional release of SynaptopHluorin was higher upon RRP stimulation than upon
recycling pool stimulation, the release of endosomal SNAREs continued throughout
recycling pool stimulation (Figure 3-3), indicating that also recycling pool vesicles

contain the endosomal SNAREs. Forster resonance energy transfer measurements of
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fusion assays with liposomes and synaptic vesicles recently showed that a single SNARE
complex could be sufficient to drive in vitro membrane fusion (van den Bogaart et al,,
2010). If this was also the case for fusion reactions in a cellular context, this result would
argue that the number of endosomal SNAREs is similar for recycling pool and RRP
vesicles, but more of the RRP vesicles contain these SNARESs. If the majority of recycling
pool vesicles contained (even trace amounts) the endosomal SNAREs, we should have
observed an increase in colocalization between Rab5-GFP endosomes and synaptic
vesicle marker upon recycling pool stimulation (Figure 3-9; Figure 3-10). Likewise, the
blocking of endosomal function by expression of soluble Syntaxin 13 fragment should
have resulted in a decrease in the recycling pool size if a majority of them relied on
endosomal function Figure 3-12. Although these considerations are by no means
sufficient to clarify this issue, we favor a scenario of endosomal SNAREs being present
mostly on RRP vesicles and only on a minority of recycling pool vesicles. We are of
course aware of the fact that the endosomal SNAREs are unlikely to be the only
molecular determinants of RRP vesicles. As indicated in the in vitro immunoassay, the
recently endocytosed vesicles are also enriched in Rab4, Rab5 and PI(3)P (and most
likely others; see Figure 3-19).

Second, the biggest piece of the puzzle is the sorting of vesicle components in the
endosome. Although we could identify cholesterol-dependant clustering of synaptic
vesicle material in the endosome (Figure 3-20), we don not know, for example, (1)
which components are contained in these clusters, (2) if there are different types of
vesicular patches, and (3) which of the components in the vesicular patches are targeted
for packaging into synaptic vesicles. As even the universal clathrin-machinery seems to
be able to only interact with a limited number of targets (see Jung and Haucke, 2007), it
is unlikely that in-depth analysis will discover many components being targeted for
vesicle budding from the endosomes. In the end it might be sufficient to rely on
coincidence detection of a few components, each of which bring along a specific patch of
vesicular components required for synaptic vesicle function.

Third, an aspect easily disregarded is the fate of the contaminants reaching the
endosome along with the retrieved “dirty” vesicles. If they are packaged into separate
non-synaptic secretory vesicles to be returned to the plasma membrane, how is the
budding of these vesicles controlled versus the budding of synaptic vesicles? Otherwise,
if they are packaged together with synaptic vesicle patches, how many contaminant

components are tolerated and how is the amount of contaminants controlled?
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A. APPENDIX

1. Matlab Routines for pHluorin Analysis

Phluorin analysis was largely performed as described (Mitchell and Ryan, 2004). Briefly,
boutonal areas increasing in fluorescence during stimulation were automatically
identified as active boutons for analysis. The boutonal fluorescence was then calculated
for each frame as the difference compared to the initial (pre-stimulation) fluorescence
(dF). This dF was normalized by dividing by the initial fluorescence, yielding dF/Fo. The

routines used for pHlorin data analysis are summarized in Table A-1, and listed below.

Table A-1: Matlab functions used for pHluorin analysis

Function Purpose of the function

pHluorin_analysis main program; reads image files and calls ‘autoselection’
autoselection shows movie data; asks for selection of background and bad areas
pHgetline_0 detects the type of mouse click (normal or shift+click)
pHgetline_1; pHgetline_22 allow marking of background areas

pHgetline_1_b; pHgetline_22_b allow marking of bad areas to be excluded

diffview_auto2; pHluorin_addFrames thresholding of movies and calculation of dF plots
p_quit_auto_final final data processing and saving of results

Y — e ————————————————————————————————————————————————————————————_—_e

function pHluorin_analysis

global movi i xx yy zz iii g s ijj jjj outer_radius backmatrix autos file
global xb yb lastspot thefig autoselect framedur savefolder

movi=[]; % initiate the movie variable as empty matrix
q=1;

%% open the movie image files for analysis:

basefolder=pwd; % start in the current directory
savefolder=strcat(basefolder, '/analysis/'); % the save directory
mkdir('analysis');

dir('+* 000.TIF');

file=input('which sequence do you want to analyze? ','s'); % ask user
to specify image data

files=dir(strcat(file, '*.TIF"));

s=numel (files);

disp(strcat('frames: ',num2str(s)));

info=imfinfo(files(1l).name);

bitdepth = info.BitDepth;
framedur=59/numel (files);
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for i=l:numel(files)
a=imread(files (i) .name);
if numel(size(a))>2
a=rgb2gray(a);

end
if i==
switch bitdepth
case 16
movi=zeros(size(a,l),size(a,2),numel(files), 'uintlé6');
case 8
movi=zeros(size(a,l),size(a,2),numel(files), 'uint8');
otherwise
movi=zeros(size(a,l),size(a,2),numel(files));
end
end
movi(:,:,i)=a; % load frame i into the movie variable

end

%% load figure window:
figure('toolbar', 'figure', 'numbertitle','off');
colormap (hot);

set(gcf, 'doublebuffer','on');
himg=imagesc(movi(:,:,q));axis tight equal off

autoselect=uicontrol('tag', 'fff', 'string', "autosel’', ...
'style', 'togglebutton', 'callback', 'autoselection’',...
'position',[0 60 50 30], 'tooltipstring', 'open autoselection tool');

pixelsize=322.5; % nm, 40x objective, 2x2 binning
micron=2000/pixelsize; % 2um in pixels
outer_radius=round(micron/2); % lpm in pixels

11i=0;333=1;

i33=1;

backmatrix=[];

autos=[];

lastspot=[];

xx=[1; yy=[1; zz=[1;xb=[];yb=[];
set(gcf, 'CloseRequestFcn',@closefiqg);

%% call automatic selection routine:
autoselection;

%% close program:
function closefig(ev,sc)
delete(gcf);
delete(thefigqg);
thefig=[];
end

function autoselection
global movi thefig xall yall xallb yallb lastline threshview stepbut backbut

autoselect threshimage

%% set up figure:
if isempty(thefig)
xall=[];yall=[];xallb=[];yallb=[];lastline=[];threshimage=[];

set(stepbut, 'enable’', 'off'");
set (backbut, 'enable', 'off'");
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set(autoselect, 'enable', 'inactive');

thefig=figure('toolbar', 'figure', 'numbertitle','off', 'name’', 'Autoselection
Tool');
set(thefig, 'windowbuttondownfcn', 'pHgetline 0'); % call upon mouseclick
set (thefig, 'CloseRequestFcn',@closefiqg);

% button to show thresholded pHluorin images:
threshview=uicontrol('tag', 'fff', 'string', 'thresholded
movie', 'selectionhighlight', 'off',...
'style', 'togglebutton', 'callback','diffview auto2',...
'position',[10 10 170 30], 'tooltipstring', 'toggle between movie and
differential view');

% quit button:

uicontrol('tag', 'fff', 'string', 'Quit', 'selectionhighlight', 'off',...
'style', 'pushbutton', 'callback', 'p quit auto final',...
'position',[250 10 50 30], 'tooltipstring', 'Terminate the session');

% initially display mean-movie:
imagesc(double(mean(movi,3)));axis tight equal off;colormap(hot);
end

%% reset when closing:
function closefig(ev,sc)

delete(thefigqg);
thefig=[];
set(stepbut, 'enable', 'on');
set (backbut, 'enable', 'on');
set (autoselect, 'value',0);
set(autoselect, 'enable’', 'on');

function pHgetline 0
global xx sel yy sel iline xx_selb yy selb ilineb lastline
s=get(gcf, 'selectiontype’);

if (strcmp(s, 'normal'))
lastline(numel(lastline)+1)=1;
set(gcf, 'windowbuttonmotionfcn', 'pHgetline 1');
xx_sel=[]; yy_sel=[]; iline=1;
set(gcf, 'windowbuttonupfcn', 'pHgetline 22');

elseif (strcmp(s, 'extend'))
lastline(numel(lastline)+1)=2;
set(gcf, 'windowbuttonmotionfcn', 'pHgetline 1 b');
xx_selb=[]; yy_selb=[]; ilineb=1;
set(gcf, 'windowbuttonupfcn', 'pHgetline 22 b');

function pHgetline 1

global xx sel yy sel iline
l=get(gca, 'currentpoint');
x=round(1l(1l));

y=round(1l(3));
xx_sel(iline)=x;yy_sel(iline)=y;
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if iline>1
line('Xdata',[xx_sel(iline-1),xx sel(iline)], 'Ydata',[yy_sel(iline-

l),yy_sel(iline)], 'Color','b', 'linewidth',2);

end;

iline=iline+1;

function pHgetline 22
global xx sel yy sel iline xall yall

set(gcf, 'windowbuttonmotionfcn','");
l=get(gca, 'currentpoint');
x=round(1l(1l));

y=round(1l(3));
xx_sel(iline)=x;yy_sel(iline)=y;

line('Xdata',[xx_sel(l),xx_sel(iline)], 'Ydata',[yy_sel(l),yy_sel(iline)], 'Co
lor','b','linewidth',2);
iline=iline+1;

xall{end+1}=xx sel;
yall{end+1l}=yy_sel;

function pHgetline 1 b
global xx selb yy_selb ilineb

l=get(gca, 'currentpoint');
x=round(1l(1l));

y=round(1l(3));

xx_selb(ilineb)=x;yy _selb(ilineb)=y;

if ilineb>1

line('Xdata',[xx_selb(ilineb-
1) ,xx_selb(ilineb)], 'Ydata',[yy_selb(ilineb-
l),yy_selb(ilineb)], 'Color','w', 'linewidth',2);
end;

ilineb=ilineb+1;

function pHgetline 22 b
global xallb yallb xx selb yy selb ilineb

set(gcf, 'windowbuttonmotionfcn','");
l=get(gca, 'currentpoint');
x=round(1l(1l));

y=round(1l(3));

xx_selb(ilineb)=x;yy _selb(ilineb)=y;

line('Xdata',[xx_selb(1l),xx _selb(ilineb)], 'Ydata',[yy_selb(l),yy selb(ilineb
)], 'Color','w', ' 'linewidth',2);
ilineb=ilineb+1;

xallb{end+1}=xx selb;
yallb{end+1}=yy selb;

e ————————————————————————————————————————————————————————————_——
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function diffview_auto2

global movi

global threshview xall yall xallb yallb threshimage file
persistent thefact

%% threshold movie:
switch get(threshview, 'value');

case 1

if isempty(threshimage)

end

set(threshview, 'string', 'thresholded movie')
meanmovi=double(mean(movi(:,:,1:8),3));

numfram=8;

if ~(isempty(strfind(file, '2s')))
mean2movi=double(mean(movi(:,:,10:20),3));
thefact=.95;
disp('data recognized as: 2s');

elseif ~(isempty(strfind(file, 'nhdcl')))
mean2movi=double(mean(movi(:,:,11:17),3));
thefact=.1;
disp('data recognized as: nh4cl');

else
mean2movi=double(mean(movi(:,:,11:112),3));
thefact=0.95;
disp('data recognized as: 30s');

end

tim=meanmovi;
tim2=mean2movi;

struct=strel('disk',15);
bg=imopen (meanmovi,struct);
bg2=imopen(mean2movi,struct);

fact=1.15;

tim=tim-(bg*fact);
tim2=tim2-(bg*fact);

ftip='disk';
fpar=1;
filter=fspecial (ftip, fpar);

bwmovi=zeros(size(tim));
bwmovi(tim2>tim*thefact)=1;

threshimage=im2bw(bwmovi);
threshimage=bwmorph(threshimage, 'open');
threshimage=bwmorph(threshimage, 'close');
threshimage=bwmorph(threshimage, 'hbreak');
threshimage=bwmorph(threshimage, '£fill"');
threshimage=bwmorph(threshimage, 'spur');
threshimage=bwmorph(threshimage, 'clean');

imagesc(threshimage);axis tight equal off;

case 0

set(threshview, 'string', 'mean movie')

imagesc(double(mean(movi,3)));axis tight equal

end

%% show diffimage to exclude bad areas:
exclusions=difffigure;

%% black out the bad regions:

off;colormap(hot);
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$badregions:

badr=false(size(movi,l),size(movi,2));
for kkk=1l:numel(xallb);

badr (roipoly(threshimage,xallb{kkk},yallb{kkk})==1)=1;
end

threshimage (exclusions==1)=0;%from manual selection

threshimage (badr==1)=0;clear badr;
threshimage=bwmorph(threshimage, 'hbreak');
threshimage=bwmorph(threshimage, '£fill"');
threshimage=bwmorph(threshimage, 'spur');
threshimage=bwmorph(threshimage, 'clean');
imagesc(threshimage);axis tight equal off;colormap(jet);

oe

% figure out background:
bleach regions:

oe

br=false(size(movi,1l),size(movi,2),numel(xall));
for kkk=1l:numel(xall);
br(:,:,kkk)=roipoly(threshimage,xall{kkk},yall{kkk});
end
br=mean(br, 3);
br(br>0)=1;
backgr=[1];
for ifr=1:size(movi, 3)
bi=movi(:,:,ifr);
bi=bi(br>0);
backgr(ifr)=mean(bi);
end
analmovi=movi;
for ifr=1:size(movi, 3)
analmovi(:,:,ifr)=analmovi(:,:,ifr)-backgr(ifr);
end

)

$% identify individual regions:
[111 mmm]=bwlabel(threshimage,4);
values=nan(size(movi,3),mmm) ;

for ill=1:mmm

%% deltaplot
tharea=find(11l1l==ill);

£0=[1;
for iff=1:5
fOmov=analmovi(:,:,iff);
fO(iff)=mean(fOmov(tharea));
end
f0=mean(£0);
for ii=1l:size(movi,3)
anamo=analmovi(:,:,ii);
values(ii,ill)=(mean2(anamo(tharea))-£0)/£0;
end
end
% show results plot:
figure,errorbar(l:size(movi,3),mean(values,2),std(values,0,2)/sgrt(mmm), " 'lin
ewidth',1l);axis ([0 200 -0.1 17]);
drawnow;

% finish analysis:
rCorrValues=pHluorin_addFrames(values,197);
_quit_auto_final(values,frCorrValues);
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function outer=pHluorin_addFrames (inner,numfram)

if size(inner,l)<numfram
a=(l:size(inner,1))"';
b=(1l:numfram)';
dif=numel(b)-numel(a);
ff=numel(b)/dif;
theones=rem(l:numel(b),£ff);
t=theones';
theones=fix(theones);
t=cat(2,t,theones’);
if numel(a)>numel(find(theones~=0))
dif2=numel(a)-numel (find(theones~=0));
changer=find(theones==0,dif2, 'last’');
theones (changer)=1;
t=cat(2,t,theones’);
end
outer=nan(size(b,1),size(inner,2));
outer (theones~=0, : )=inner;
else
outer=inner;

function p_quit_auto_ final(values,frCorrValues)
global savefolder file framedur

disp ('quitting...');
times=(0:framedur:59)"';
fulltimes=(0:(59/197):59)";

%% make means:

$the mean of values:
mval=zeros(size(values,1),2);
mval(:,l)=mean(values,2);
mval(:,2)=std(values,0,2)/sqrt(size(values,2));
mcorrval=pHluorin_addFrames(mval,197);

$% write files:
dlmwrite(strcat(savefolder,file,' dF F frCorr mean.txt'),mcorrval);
dlmwrite(strcat(savefolder,file,' dF F mean.txt'),cat(2,times(l:end-
1),mval));
dlmwrite(strcat(savefolder,file,' final deltaFoverF.txt'),cat(2,times(l:end-
1),values));
dlmwrite(strcat(savefolder,file,
s)i
dlmwrite(strcat(savefolder,file,' fulltimes.txt'),fulltimes);
save(strcat(savefolder,file, 'final movie auto.mat'), 'movi','threshimage','ti
mes', 'xall','yall', 'xallb', 'yallb', ...

'values', 'frCorrvalues', 'file','q','s"', 'outer radius');
close all;
disp done;

R e —————————————————————————————————————————————————————————————_—_e

_final deltaFoverF frCorr.txt'),frCorrvalue
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2. Matlab Routines for in vitro Immunoassay Analysis

The isolated synaptic vesicle immunoassay experiments were performed and analyzed
as described in section 2.12 (and as established in detail in Hoopmann, 2008). The
Matlab routines used for analysis are summarized in, and listed below.

Table A-2: Matlab functions used for analysis of isolated vesicle immunoassays

Function Purpose of the function

AutoPHluoro main program; reads images and calls ‘AutoAlignlmages’
AutoAlignlmages aligns the images based the location of the beads
pH_spotfinda_wgr filters images and locates the spots in all channels

gets threshold for the exclusion of background, which is observed

pH_gp_catmonopoly_GetThresh in absence of vesicles

pH_findtritccyf_genpool calculates the fractions of vesicles for the general pool

pH_findtritccyf_tritcclick calculates the fractions of vesicles for the recycling pool

R e ————————————————————————————————————————————————————————————_—_e

function AutoPHluoro(root, seldirs)
global movi rl r2 r3 ijj xx yy 2z inner_radius outer radius counter

disp(sprintf('\n\nstarting AutoPHluoro...\n'));

more off;

inner radius=6;outer_radius=12;

destinationfolder='W: \phoopma\Immunostainings\AutoAnalysis\';

%% get the folders and set up looping:

tic; %start stop timer
dirpaths=strcat(root,seldirs);
disp(strcat(sprintf('the folders to work on
are:'),sprintf('\n\t%s',dirpaths{:})));

for iseldir=1l:numel(seldirs) %loop through selected folders
disp(sprintf('\nstarting with subfolder:\t%s',dirpaths{iseldir}));
cd(dirpaths{iseldir});
subdirs_old=GetSubDirs;
subdirs=strcat(dirpaths{iseldir}, '\',subdirs_old);
for isubs=1:numel (subdirs)
noorg=not (isempty(strfind(subdirs_old{isubs}, 'cyf 0')));
cd(subdirs{isubs});

mkdir(strcat(destinationfolder,seldirs{iseldir}),subdirs_old{isubs});

savedir=strcat(destinationfolder,seldirs{iseldir}, '\',subdirs_old(isubs), '\’
)i

%% now find the files and loop:

filenames=dir('* 0.tif');%green image
if numel(filenames)>0
for ifilename=1:numel(filenames) %go file by file
xx=[]; yy=[1;22=[1;1ijj=1;counter=zeros(1l,4);
rrl=filenames(ifilename).name; %green file
rr2=strrep(rrl,' 0',' 1");
rr3=strrep(rrl,' 0',' 3");
)

rr3b=strrep(rrl,' 0',' 2');%beads in cyf

rl=strcat('green',rrl(l:end-6));r2=strcat( 'tritc',rr2(l:end-
6));r3=strcat('cyf',rr3(l:end-6));

if ~isempty(dir(strcat(savedir{l}, 'files

,rl, " .mat')))
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continue

else
info=imfinfo(rrl);
bitdepth = info.BitDepth;
switch bitdepth

case 8
movi = uint8(0);
case 16
movi = uintl6(0);
end
rows = info.Height;

cols = info.Width;
movi = movi(ones(l,rows),ones(l,cols),ones(1l,4));

movi(:,:,1l) = imread(rrl);
if not(isempty(dir(rr2)))
movi(:,:,2) = imread(rr2);
else
continue
end
if not(isempty(dir(rr3)))
movi(:,:,3) = imread(rr3);
else
continue
end
if not(isempty(dir(rr3b)))
movi(:,:,4) = imread(rr3b);
else
continue
end

colormap (bone(255));
himg=image(movi(:,:,1));%, 'tag', 'him', 'cdatamapping', 'scaled');

%% call other routines per image and define cmdline
output:

AutoAlignImages (rows,cols,savedir{l},noorg);%autoalign

also calls pHspotfinda
close all;
disp(sprintf('...%2.2f hours elapsed\n',toc/3600));
end
end
end
disp(sprintf( 'done with
subfolder:\t%s\t\t(%1.0£/%1.0f)"',subdirs{isubs},isubs,numel(subdirs)));
end
disp(sprintf('\ndone with
folder:\t%s\t\t(%1.0£/%1.0f)"',dirpaths{iseldir},iseldir,numel(seldirs)));
end
disp(sprintf('\n...done analyzing all files.\t(%2.2f hours)',toc/3600));

function AutoAlignImages(rows,cols,savedir,noorgq)

global zz movi xx yy

xx_bead=[];yy_bead=[];xx_gr=[];yy_9r=[1;xx_cyf=[];yy_cyf=[];distx=[];disty=]

13

imagesize=size(movi);

minint tritc=min(min(movi(round(imagesize(l)/3)+1l:round(imagesize(1l)*2/3)
und(imagesize(2)/3)+1l:round(imagesize(2)*2/3),2)));

,ro

minint cyf=min(min(movi(round(imagesize(1l)/3)+1l:round(imagesize(1l)*2/3),roun

d(imagesize(2)/3)+1l:round(imagesize(2)*2/3),3)));

minint gr=min(min(movi(round(imagesize(l)/3)+1l:round(imagesize(1l)*2/3),round

(imagesize(2)/3)+1l:round(imagesize(2)*2/3),1)));

memin=mean (min(movi(:,:,3)));
megremin=mean (min(movi(:,:,1)));
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%% find the beads

bw_green=movi(:,:,1);
bw_green(find(bw_green<=prctile(prctile(double(movi(:,:,1)),98.95),98.95)))=
0;

bw_green=logical (bw_green);

bw_tritc=movi(:,:,2);
bw_tritc(find(bw_tritc<=prctile(prctile(double(movi(:,:,2)),99.25),99.25)))=
0;

bw_tritc=logical(bw_tritc);

bw_cyf=movi(:,:,4);
bw_cyf(find(bw_cyf<=prctile(prctile(double(movi(:,:,4)),99.35),99.35)))=0;
bw_cyf=logical (bw_cyf);

bw_green=bwmorph(bw_green, 'clean');
bw_tritc=bwmorph(bw_tritc, 'clean');
bw_cyf=bwmorph(bw_cyf, 'clean');

oe

[green_labeled,green_numObj] = bwlabel(bw_green,4);clear bw green;
bw_green_data = regionprops(green_labeled, 'centroid');clear green labeled;
[tritc_labeled,tritc_numObj] = bwlabel(bw_tritc,4);clear bw tritc;
bw_tritc_data = regionprops(tritc_labeled, 'centroid');clear tritc labeled;
[cyf_labeled,cyf numObj] = bwlabel(bw_cyf,4);clear bw cyf;

bw_cyf data = regionprops(cyf labeled, 'centroid');clear cyf labeled;

if tritc_numObj>50
disp(sprintf('continuing without aligning...(tritc >50)"'));

pH_spotfinda wgr([],[]1,[]1,[],imagesize,savedir,noorg,minint_tritc,minint cyf
,Minint_ gr,memin,megremin);

clear dist*
bw*;xx_bead=[];yy_bead=[1;xx_gr=[];yy_gr=[];xx_cyf=[];yy_cyf=[];distx=[];dis

ty=[1;
return
elseif tritc_numObj==
disp(sprintf('continuing without aligning...'));
pH_spotfinda wgr([],[]1,[]1,[],imagesize,savedir,noorg,minint_tritc,minint cyf

,Minint_ gr,memin,megremin);
clear dist*
bw*;xx_bead=[];yy_bead=[];xx_gr=[];yy_gr=[1;xx_cyf=[];yy_cyf=[];distx=[];dis
ty=[1;
return
else
xxX_bead=zeros(1,tritc_numObj);yy bead=zeros(l,tritc_numObj);
for i=l:tritc_numObj
xx_bead(i)=bw_tritc_data(i).Centroid(1);
yy_bead(i)=bw_tritc_data(i).Centroid(2);
end
clear bw tritc dataj;
end

if green_numOb3j>350
BlackBeads (imagesize,xx_bead,yy bead);
disp(sprintf( 'continuing without aligning...(green >350)"'));

pH_spotfinda_wgr([],[],xx _bead,yy_bead,imagesize,savedir,noorg,minint_ tritc,
minint cyf,minint gr,memin,megremin);

clear dist*
bw*;xx_bead=[];yy_bead=[];xx_gr=[];yy_gr=[1;xx_cyf=[];yy_cyf=[];distx=[];dis
ty=[1;

return
elseif green numObj==

BlackBeads (imagesize,xx_bead,yy bead);

disp(sprintf('continuing without aligning...'));
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pH_spotfinda_wgr([],[],xx _bead,yy_bead,imagesize,savedir,noorg,minint_ tritc,
minint cyf,minint gr,memin,megremin);
clear dist*
bw*;xx_bead=[];yy_bead=[];xx_gr=[];yy_gr=[];xx_cyf=[];yy_cyf=[];distx=[];dis
ty=[1;
return
else
xX_gr=zeros(l,green_numObj);yy gr=zeros(l,green_numObj);
for i=l:green_numObj
xXX_gr(i)=bw_green_data(i).Centroid(1);
yy_gr(i)=bw_green_data(i).Centroid(2);
end
clear bw green dataj;
end

if cyf numObj>50
BlackBeads (imagesize,xx_bead,yy bead);
disp(sprintf('continuing without aligning...(cyf >50)"'));

pH_spotfinda_wgr([],[],xx _bead,yy_bead,imagesize,savedir,noorg,minint_ tritc,
minint cyf,minint gr,memin,megremin);

clear dist*
bw*;xx_bead=[];yy_bead=[];xx_gr=[];yy_gr=[1;xx_cyf=[];yy_cyf=[];distx=[];dis
ty=[1;

return
elseif cyf numObj==

BlackBeads (imagesize,xx_bead,yy bead);

disp(sprintf('continuing without aligning...'));

pH_spotfinda_wgr([],[],xx _bead,yy_bead,imagesize,savedir,noorg,minint_ tritc,
minint cyf,minint gr,memin,megremin);
clear dist*
bw*;xx_bead=[];yy_bead=[];xx_gr=[];yy_gr=[];xx_cyf=[];yy_cyf=[];distx=[];dis
ty=[1;
return
else
xx_cyf=zeros(1l,cyf numObj);yy cyf=zeros(l,cyf numObj);
for i=l:cyf numObj
xx_cyf(i)=bw _cyf data(i).Centroid(1l);
yy_cyf(i)=bw_cyf data(i).Centroid(2);
end
clear bw cyf data;
end

oe
oe

distx=round(cols/2)-xx_bead;

disty=round(rows/2)-yy_ bead;
alignbead=find(realsqrt(distx.”"2+disty.”"2)==min(realsqgrt(distx.”2+disty."2))
);%alignment to bead closest to center of image

distxgr=xx_gr-xx_bead(alignbead);
distygr=yy_gr-yy bead(alignbead);
distgr=realsqrt(distxgr.”2+distygr.”"2);

distxcyf=xx_cyf-xx_bead(alignbead);
distycyf=yy cyf-yy bead(alignbead);
distcyf=realsqgrt(distxcyf."2+distycyf."2);

mindist(l)=find(distgr==min(distgr),1l);
mindist(2)=find(distcyf==min(distcyf),1l);

%% now shift the images
distxgr=round(distxgr(mindist(1l)));
distygr=round(distygr(mindist(1l)));
distxcyf=round(distxcyf(mindist(2)));
distycyf=round(distycyf (mindist(2)));
shifter=[distxgr,distygr,distxcyf,distycyf];
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disp(sprintf('shift in green (x,y):\t%3.0f,%3.0f\t\tshift in
cyf(x,y):\t%3.0£,%3.0f"',shifter));

if max(max((abs(shifter))))>25 %only do it when the shift in any one
direction is less than 25px

BlackBeads (imagesize,xx_bead,yy bead);

disp(sprintf('continuing without aligning...'));

pH_spotfinda_wgr([],[],xx _bead,yy_bead,imagesize,savedir,noorg,minint_ tritc,
minint cyf,minint gr,memin,megremin);

clear dist* bw*
*numOb7 ; xx_bead=[];yy_bead=[];xx_gr=[1;yy_gr=[1;xx_cyf=[];yy_cyf=[];distx=[]
;disty=[1;

return
else

%along x:

if distxgr<0
movi(:,-distxgr+l:end,l)=movi(:,l:end+distxgr,1l);
movi(:,l:-distxgr,1)=0;

elseif distxgr>0
movi(:,l:end-distxgr,l)=movi(:,l+distxgr:end,1);
movi(:,end-distxgr+l:end,1)=0;

end

if distxcy£f<O0
movi(:,-distxcyf+l:end,3)=movi(:,l:end+distxcyf,3);
movi(:,l:-distxcyf,3)=0;

elseif distxcyf>0
movi(:,l:end-distxcyf,3)=movi(:,l+distxcyf:end,3);
movi(:,end-distxcyf+l:end,3)=0;

end

%along y:

if distygr<o0
movi(-distygr+l:end,:,l)=movi(l:end+distygr,:,1);
movi(l:-distygr,:,1)=0;

elseif distygr>0
movi(l:end-distygr,:,1l)=movi(l+distygr:end,:,1);
movi(end-distygr+l:end,:,1)=0;

end

if distycy£f<0
movi(-distycyf+l:end,:,3)=movi(l:end+distycyf,:,3);
movi(l:-distycyf,:,3)=0;

elseif distycyf>0
movi(l:end-distycyf,:,3)=movi(l+distycyf:end,:,3);
movi(end-distycyf+l:end,:,3)=0;

end

BlackBeads (imagesize,xx_bead,yy bead);
end

%% set bead coordinates for display
beads_xx=xx_bead;

beads_yy=yy_ bead;

xx(1:numel (beads_xx) )=beads_xx;
yy(l:numel (beads_yy))=beads_yy;
zz(1l:numel (beads_xx))=0;

$% finish: clear mem and call pH spotfinda
clear dist*
bw*;xx_bead=[];yy_bead=[];xx gr=[];yy_gr=[];xx_cyf=[];yy_cyf=[];distx=[];dis

ty=[1;
%disp (sprintf('...alignment done.\n'));
pH_spotfinda_wgr([],[],beads_xx,beads_yy,imagesize,savedir,noorg,minint_trit

c,minint_cyf,minint_ gr,memin,megremin);

%% black out the beads
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function BlackBeads(imagesize,xx_bead,yy_ bead)
global movi
std_1im=35;cyf 1im=70;
for ilim=1:2
switch ilim
case 1
lim=std_lim;
channel=1:2;
case 2
lim=cyf lim;
channel=3;
end

for iiii=1l:numel (xx_bead)

if round(yy_bead(iiii)) > imagesize(1l)-lim
yplus=1;

elseif round(yy_bead(iiii)) <= imagesize(l)-1lim
yplus=0;

end

if round(yy_bead(iiii)) <= lim
yminus=1;

elseif round(yy_bead(iiii)) > lim
yminus=0;

end

if round(xx_bead(iiii)) > imagesize(2)-lim
xplus=1;

elseif round(xx_bead(iiii)) <= imagesize(2)-lim
xplus=0;

end

if round(xx_bead(iiii)) <= lim
xminus=1;

elseif round(xx_bead(iiii)) > lim
xminus=0;

end

if yplus==1 && xplus==
movi(round(yy bead(iiii))-lim:end,round(xx_bead(iiii))-
lim:end,channel)=0;
elseif yplus==1 && xminus==
movi(round(yy bead(iiii))-
lim:end, l:round(xx_bead(iiii))+1lim,channel)=0;
elseif yminus==1 && xplus==
movi(l:round(yy bead(iiii))+lim,round(xx_bead(iiii))-
lim:end,channel)=0;
elseif yminus==1 && xminus==

movi(l:round(yy bead(iiii))+lim,l:round(xx_bead(iiii))+1lim,channel)=0;

elseif yplus==1 && (xminus==0 && xplus==0)
movi(round(yy bead(iiii))-lim:end,round(xx_bead(iiii))-
lim:round(xx_bead(iiii))+1lim,channel)=0;
elseif yminus==1 && (xminus==0 && xplus==0)
movi(l:round(yy bead(iiii))+lim,round(xx_bead(iiii))-
lim:round(xx_bead(iiii))+1lim,channel)=0;
elseif xplus==1 && (yplus==0 && yminus==0)
movi(round(yy_ bead(iiii))-
lim:round(yy_bead(iiii))+1lim,round(xx_bead(iiii))-lim:end,channel)=0;
elseif xminus==1 && (yplus==0 && yminus==0)
movi(round(yy_ bead(iiii))-
lim:round(yy_bead(iiii))+1lim,l:round(xx_bead(iiii))+1lim,channel)=0;

elseif yplus==0 && yminus==0 && xplus==0 && xminus==
movi(round(yy_ bead(iiii))-
lim:round(yy_bead(iiii))+1lim,round(xx_bead(iiii))-
lim:round(xx_bead(iiii))+1lim,channel)=0;
end
end



function[] = pH_spotfinda wgr
(srchndl,eventdata,beads_xx,beads_yy,imagesize,savedir,noorg,minint tritc,mi
nint_cyf,minint_ gr,memin,megremin)

global xx yy zz movi counter

xx_cyf=[1;yy_cyf=[1;xx_tritc=[];yy_tritc=[];xx _gr=[]1;yy_9r=[1;

%% prefilter the cyf image
fil=fspecial('average',3);
cyffil=imfilter(movi(:,:,3),£fil, 'replicate');
fil=fspecial('disk',2);
tritcfil=imfilter(movi(:,:,2),£fil, 'replicate');
fil=fspecial('average',3);
greenfil=imfilter(movi(:,:,1),£fil, 'replicate');

%% find the spots

if noorg==
% adaptive filter now:
imd=double(tritcfil);
him=hist(imd(l:end),1:512)*100/numel (imd);
imthresh=find(him==max(him));
tr=(imthresh+3)/65535;
bw_tritc=im2bw(tritcfil,tr);
clear imd him imthresh tr;

elseif noorg==
tr=(megremin/9)/65535;

bw_gr=im2bw( (imsubtract(greenfil, (imopen(greenfil,strel('disk',15))))),tr);
clear tr;
end

oe
oe

%adaptive filter as well:

tr=(memin/15)/65535;

bw_cyf=im2bw( (imsubtract(cyffil, (imopen(cyffil,strel('disk',15))))),tr);
clear tr;

. o0

=
Hh o°

blank out the borders 25pix
noorg==
bw_tritc(1:25,:)=0;bw_tritc(imagesize(1l)-
24:imagesize(l),:)=0;bw_tritc(:,imagesize(2)-
24:imagesize(2))=0;bw_tritc(:,1:25)=0;
bw_tritc=BlackBeads(imagesize,beads_xx,beads_yy,bw_tritc,2);
elseif noorg==
bw gr(1:25,:)=0;bw_gr(imagesize(1l)-
24:imagesize(l),:)=0;bw_gr(:,imagesize(2)-
24:imagesize(2))=0;bw _gr(:,1:25)=0;
bw_gr=BlackBeads(imagesize,beads_xx,beads_yy,bw gr,1);
end
bw _cyf(1:25,:)=0;bw_cyf(imagesize(1l)-
24:imagesize(l),:)=0;bw_cyf(:,imagesize(2)-
24:imagesize(2))=0;bw_cyf(:,1:25)=0;
bw_cyf=BlackBeads(imagesize,beads_xx,beads_yy,bw _cyf,3);

if noorg==
bw_tritc=bwmorph(bw_tritc, 'clean');
elseif noorg==
bw_gr=bwmorph(bw_gr, 'clean');
end
bw_cyf=bwmorph(bw_cyf, 'clean');
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oe

%

if n

trit
else

gree
end

[cyE
bw_c

if ¢

else

xx_cyf=xx_cyf(setdiff(l:numel(xx_cyf),find(distc==min(min(distc)))));

yy_cyf=yy cyf(setdiff(l:numel(yy cyf),find(distc==min(min(distc)))));

oorg==
[tritc_labeled,tritc_numObj] = bwlabel(bw_tritc,4);clear bw tritc;
bw_tritc_data = regionprops(tritc_labeled, 'area', 'centroid');clear
c_labeled;

if noorg==

[green_labeled,green_numObj] = bwlabel(bw _gr,4);clear bw gr;

bw_gr_data = regionprops(green_labeled, 'area', 'centroid');clear
n_labeled;

_labeled,cyf numObj] = bwlabel(bw_cyf,4);clear bw cyf;

yf _data = regionprops(cyf labeled, 'area', 'centroid');clear cyf labeled;
yf numObj==

disp ('no cyf spots found');

clear dist* bw*;xx_cyf=[];yy_cyf=[]1;xx_tritc=[];yy_tritc=[];

return

for i=l:cyf numObj
xx_cyf(i)=bw _cyf data(i).Centroid(1l);
yy_cyf(i)=bw_cyf data(i).Centroid(2);
end
A cyf=[bw_cyf data.Area];clear bw cyf dataj;
for i=1l:numel(beads_xx)
distxc=xx_cyf-beads_xx(i);
distyc=yy cyf-beads_yy(i);
distc=realsqrt(distxc.”2+distyc."2);

A cyf=A cyf(setdiff(l:numel(distxc),find(distc==min(min(distc)))));

end

xx_cyf=xx_cyf(find(A_cyf>=3 & A cyf<=300));%clean out spots which have

more than 300px

l:round(yy_cyf(i))+1,round(xx_cyf(i))-1l:round(xx_cyf(i))+1,3));

yy_cyf=yy cyf(find(A_cyf>=3 & A_cyf<=300));
clear A cyf;
proxim=[];
for i=1l:numel(xx_cyf)
mspot=mean2 (movi(round(yy_cyf(i))-

if mspot<=1.15*minint_cyf
proxim=union(proxim,i);

end

end

proxim=setdiff (1l:numel(xx cyf),proxim);

xx_cyf=xx_cyf(proxim);

yy_cyf=yy cyf(proxim);

proxim=[];

for i=1l:numel(xx_cyf)
distxc=xx_cyf-xx_cyf(i);
distyc=yy_cyf-yy cyf(i);
distc=realsqrt(distxc.”2+distyc."2);

proxim=union(proxim,setdiff(find(distc<12),1i));%this here is a

distance cutoff (diagonal)

end

end

proxim=setdiff (1l:numel(xx cyf),proxim);

xx_cyf=xx_cyf(proxim);

yy_cyf=yy cyf(proxim);

if numel(xx_cyf)>500
rndnum=randperm(numel (xx_cyf));
xx_cyf=xx cyf(rndnum(1:500));
yy_cyf=yy cyf(rndnum(1:500));

end

if noorg==

if tritc_numObj==
disp ('no tritc spots found');
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clear dist* bw*;xx_cyf=[];yy_cyf=[]1;xx_tritc=[];yy_tritc=[];
return
else

for i=l:tritc_numObj
xxX_tritc(i)=bw_tritc_data(i).Centroid(1l);
yy_tritc(i)=bw_tritc_data(i).Centroid(2);

end

A tritc=[bw_tritc_data.Area];clear bw tritc data;

for i=1l:numel (beads_xx)
distxt=xx_tritc-beads_xx(i);
distyt=yy tritc-beads_yy(i);
distt=realsqrt(distxt.”2+distyt."2);

xxX_tritc=xx_tritc(setdiff(l:numel(xx_tritc),find(distt==min(min(distt)))));
yy_tritc=yy tritc(setdiff(l:numel(yy_tritc),find(distt==min(min(distt)))));

A tritc=A_tritc(setdiff(l:numel(distxt),find(distt==min(min(distt)))));
end
xxX_tritc=xx_tritc(find(A_tritc>=2 & A_tritc<=300))
yy_tritc=yy tritc(find(A_tritc>=2 & A tritc<=300))
clear A tritc;
proxim=[];
for i=l:numel(xx_tritc)
mspot=movi(round(yy tritc(i)),round(xx_tritc(i)),3);
if mspot<=1l.l*minint_ tritc
proxim=union(proxim,i);
end
end
proxim=setdiff (1l:numel(xx_tritc),proxim);
xxX_tritc=xx_tritc(proxim);
yy_tritc=yy tritc(proxim);
proxim=[];
for i=l:numel(xx_tritc)
distxt=xx_tritc-xx_tritc(i);
distyt=yy tritc-yy tritc(i);
distt=realsqrt(distxt.”2+distyt."2);
proxim=union(proxim,setdiff (find(distt<12),1i));
end
proxim=setdiff (1l:numel(xx_tritc),proxim);
xxX_tritc=xx_tritc(proxim);
yy_tritc=yy tritc(proxim);
if numel(xx_tritc)>100
rndnum=randperm(numel (xx_tritc));
xxX_tritec=xx_tritc(rndnum(1:100));
yy_tritc=yy tritc(rndnum(1:100));

’
4

end
end
disp(sprintf('spots in tritc:\t%-4.0f\nspots in cyf:\t%-
4.0f' ,numel (xx_tritc),numel(xx_cyf)));

elseif noorg==
if green_numObj==
disp ('no green spots found');
clear dist* bw*;xx_gr=[];yy_gr=[1];
return
else
for i=l:green_numObj
xxX_gr(i)=bw_gr data(i).Centroid(1l);
yy_gr(i)=bw_gr_data(i).Centroid(2);
end
A gr=[bw_gr data.Area];clear bw gr data;
for i=1l:numel (beads_xx)
distxc=xx_gr-beads_xx(1i);
distyc=yy gr-beads_yy(i);
distc=realsqrt(distxc.”2+distyc."2);

xX_gr=xx_gr(setdiff(l:numel(xx_gr),find(distc==min(min(distc)))));

yy_gr=yy gr(setdiff(l:numel(yy gr),find(distc==min(min(distc)))));
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A gr=A gr(setdiff(l:numel(distxc),find(distc==min(min(distc)))));
end
xx_gr=xx_gr(find(A_gr>=3 & A gr<=50));
yy_gr=yy gr(find(A_gr>=3 & A_gr<=50));
clear A gr;
proxim=[];
for i=1l:numel(xx_gr)
mspot=mean2 (movi(round(yy gr(i))-
l:round(yy_gr(i))+1,round(xx_gr(i))-l:round(xx gr(i))+1,1));
if mspot<=1.125*minint gr
proxim=union(proxim,i);
end
end
proxim=setdiff (1l:numel(xx gr),proxim);
XX_gr=xx_gr(proxim);
YY_gr=yy_gr(proxim);
proxim=[];
for i=l:numel(xx_gr)
distxc=xx_gr-xx_gr(i);
distyc=yy_gr-yy_gr(i);
distc=realsqrt(distxc.”2+distyc."2);
proxim=union(proxim,setdiff(find(distc<12),i));%this here is a
distance cutoff (diagonal)
end
proxim=setdiff (1l:numel(xx gr),proxim);
XX_gr=xx_gr(proxim);
YY_gr=yy_gr(proxim);
if numel(xx_gr)>500
rndnum=randperm(numel (Xx_gr));
XX _gr=xx_gr(rndnum(1:500));
yy_gr=yy gr(rndnum(1:500));
end
end

disp(sprintf('spots in green:\t%-4.0f\nspots in cyf:\t%-
4.0f' ,numel (xx_gr),numel(xx_cyf)));

end

%% finish up and clear mem:
if noorg==
counter(2)=numel (xx_tritc);
elseif noorg==
counter(1l)=numel (xx_gr);
end
counter(3)=numel (xx_cyf);
if noorg==
xx=cat(2,xx,xx_tritc);
yy=cat(2,yy,yy_tritc);
zz(numel(zz)+1l:numel(zz)+numel (xx_tritc))=2;
elseif noorg==
xx=cat(2,Xx,Xx_gr);
yy=cat(2,yy,yy_9gr);
zz(numel(zz)+1l:numel(zz)+numel (xxX_gr))=1;
end
xx=cat(2,xx,xx_cyf);
yy=cat(2,yy,yy_cyf);
zz(numel(zz)+l:numel(zz)+numel (xx_cyf))=3;

clear dist*
bw*;xx_cyf=[];yy_cyf=[1;xx_tritc=[];yy_tritc=[];proxim=[];xx_gr=[];yy_gr=[];

oe
oe

AutoQuitl([],[],beads_xx,beads_yy,savedir,noorg);
%% black out the beads

function outimage=BlackBeads(imagesize,xx bead,yy_bead,inimage,channel)
std_1lim=45;cyf 1im=80;gr_ 1im=60;
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switch channel

end
for

lim:

lim:

lim:

lim:

lim:

lim:
lim:

end

case 1
lim=gr lim;
case 2
lim=std_lim;
case 3

lim=cyf lim;

iiii=1l:numel (xx_bead)
if round(yy_bead(iiii)) > imagesize(1l)-lim

yplus=1;

elseif round(yy_bead(iiii)) <= imagesize(l)-1lim
yplus=0;

end

if round(yy_bead(iiii)) <= lim
yminus=1;

elseif round(yy_bead(iiii)) > lim
yminus=0;

end

if round(xx_bead(iiii)) > imagesize(2)-lim
xplus=1;

elseif round(xx_bead(iiii)) <= imagesize(2)-lim
xplus=0;

end

if round(xx_bead(iiii)) <= lim
xminus=1;

elseif round(xx_bead(iiii)) > lim
xminus=0;

end

if yplus==1 && xplus==

inimage(round(yy_bead(iiii))-lim:end,round(xx_bead(iiii))-

end)=0;

elseif yplus==1 && xminus==
inimage(round(yy_bead(iiii))-lim:end,l:round(xx_bead(iiii))+1im)=0;

elseif yminus==1 && xplus==
inimage(l:round(yy_bead(iiii))+1lim,round(xx_bead(iiii))-lim:end)=0;

elseif yminus==1 && xminus==
inimage(1l:round(yy_bead(iiii))+1lim,l:round(xx_bead(iiii))+1im)=0;

elseif yplus==1 && (xminus==0 && xplus==0)
inimage(round(yy_bead(iiii))-lim:end,round(xx_bead(iiii))-

round(xx_bead(iiii))+1im)=0;

elseif yminus==1 && (xminus==0 && xplus==0)
inimage(1l:round(yy_bead(iiii))+1lim,round(xx_bead(iiii))-

round(xx_bead(iiii))+1im)=0;

elseif xplus==1 && (yplus==0 && yminus==0)
inimage(round(yy_bead(iiii))-

round(yy_bead(iiii))+1lim,round(xx_bead(iiii))-lim:end)=0;

elseif xminus==1 && (yplus==0 && yminus==0)
inimage(round(yy_bead(iiii))-

round(yy_bead(iiii))+1lim,l:round(xx_bead(iiii))+1im)=0;

elseif yplus==0 && yminus==0 && xplus==0 && xminus==
inimage(round(yy_bead(iiii))-

round(yy_bead(iiii))+1lim,round(xx_bead(iiii))-

round(xx_bead(iiii))+1im)=0;

end

outimage=inimage;

function AutoQuitl(srchndl,eventdata,beads_xx,beads_yy,savedir,noorg)

global movi rl xx yy zz
global inner radius outer_radius

grfile name=strcat(savedir, 'grfiles
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file name=strcat(savedir, 'files ',rl,'.mat');
save(file_name, 'movi', 'xx','yy','zz"','rl','r2','r3"', 'beads xx', 'beads_yy');

save(grfile name, 'xx','yy','zz','rl','r2',"'r3"', 'beads _xx', 'beads yy');

cspot=numel (find(zz==3));
if noorg==

tspot=numel (find(zz==2));

if tspot>0 && cspot>0
ich=2:3;

elseif tspot>0 && cspot==
ich=2;

elseif tspot==0 && cspot>0
ich=3;

elseif tspot==0 && cspot==
return

end

elseif noorg==

end

for

gspot=numel (find(zz==1));

if gspot>0 && cspot>0
ich=1:2:3;

elseif gspot>0 && cspot==
ich=1;

elseif gspot==0 && cspot>0
ich=3;

elseif gspot==0 && cspot==
return

end

ichannel =ich
hor g r=[]; hor g c=[]; hor_r c=[];

hor g rm=[]; hor_g cm=[]; hor r cm=[];
ver g r=[]; ver_g c=[]; ver_r c=[];
ver g rm=[]; ver g cm=[]; ver r cm=[];
mhor_g r=[]; mhor_g c=[]; mhor_r _c=[];
mhor g rm=[]; mhor g cm=[]; mhor r cm=[];

xxxxx=find(zz==ichannel);

%% get coefficients:
for klm=xxxxx
x=round (xx(klm)); y=round(yy(klm));

packl_1l=movi(y-1:y+1,x-10:x+10,1);%horizontal line
packl_2=movi(y-1:y+1,x-10:x+10,2);
packl_3=movi(y-1l:y+1,x-10:x+10,3);

pack2_1l=movi(y-10:y+10,x-1:x+1,1);%vertical line
pack2_2=movi(y-10:y+10,x-1:x+1,2);
pack2_3=movi(y-10:y+10,x-1:x+1,3);

pack2_1l=pack2_1';%transpose so both have the same dimensions

’
pack2_2=pack2_2';
pack2_3=pack2_3';

mean_greenl=mean(packl 1);%get mean of 3 lines
mean_redl=mean(packl_2);
mean_cyl=mean(packl_3);

mean_green2=mean(pack2_1);%get mean of 3 lines
mean_red2=mean(pack2_2);
mean_cy2=mean(pack2_3);

mean_greenl=mean_greenl-min(mean_greenl);%normalize
mean_greenl=mean_ greenl*255/max(mean_greenl);
mean_green2=mean_green2-min(mean_green2);
mean_green2=mean_green2*255/max(mean_green2);

mean_redl=mean_redl-min(mean_redl);%normalize
mean_redl=mean_redl*255/max(mean_redl);
mean_red2=mean_red2-min(mean_red2);
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mean_red2=mean_red2*255/max(mean_red2);

mean_cyl=mean_cyl-min(mean_cyl);%normalize
mean_cyl=mean cyl*255/max(mean_cyl);
mean_cy2=mean_cy2-min(mean_cy2);
mean_cy2=mean_cy2*255/max(mean_cy2);

¢make flipped image for mirror coefficients
AAA=movi(:,:,2);
AAA=fliplr (AAA);

packl 2m=AAA(y-1l:y+1,x-10:x+10);%horizontal line
pack2 2m=AAA(y-10:y+10,x-1:x+1);%vertical line
pack2_2m=pack2_2m';%transpose so both have the same dimensions

mean_redlm=mean(packl_ 2m);
mean_red2m=mean (pack2_2m);

mean_redlm=mean_ redlm-min(mean_redlm);
mean_redlm=mean_redlm*255/max(mean_redlm);

mean_red2m=mean_red2m-min(mean_red2m);
mean_red2m=mean_red2m*255/max(mean_red2m) ;

AAA=movi(:,:,3);
AAA=fliplr (AAA);

packl 2m=AAA(y-1l:y+1,x-10:x+10);%horizontal line
pack2 2m=AAA(y-10:y+10,x-1:x+1);%vertical line
pack2_2m=pack2_2m';%transpose so both have the same dimensions

mean_cylm=mean(packl_2m);
mean_cy2m=mean(pack2_2m);

mean_cylm=mean_cylm-min(mean_cylm);
mean_cylm=mean_cylm*255/max(mean_cylm);

mean_cy2m=mean_cy2m-min(mean_cy2m);
mean_cy2m=mean_cy2m*255/max(mean_cy2m) ;

%get coefficients:

for i=1:12
switch i

case 1
ax=mean_greenl;
bx=mean_redl;

case 2
ax=mean_greenl;
bx=mean_cyl;

case 3
ax=mean_redl;
bx=mean_cyl;

case 4
ax=mean_greenl;
bx=mean_redlm;

case 5
ax=mean_greenl;
bx=mean_cylm;

case 6
ax=mean_redl;
bx=mean_cylm;

case 7
ax=mean_green2;
bx=mean_red2;

case 8
ax=mean_green2;
bx=mean_cy2;

case 9
ax=mean_red2;
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bx=mean_cy2;
case 10
axX=mean_green2;
bx=mean_red2m;
case 11
ax=mean_green2;
bx=mean_cy2m;
case 12
ax=mean_red2;
bx=mean_cy2m;
end;

suml=[];sum2ax=[];sum2bx=[];
for j=1l:numel (ax)
suml(j)=(ax(j)-mean(ax))*(bx(j)-mean(bx));
sum2ax(j)=(ax(j)-mean(ax))"2;
sum2bx(j)=(bx(j)-mean(bx))"2;
end;
r=[1;
for j=1l:numel (ax)
r(j)=suml(j)/realsgrt(sum(sum2ax)*sum(sum2bx));
end;
ruri=sum(r);
switch i
case 1
hor g r(klm)=ruri;
case 2
hor g c(klm)=ruri;
case 3
hor r c(klm)=ruri;
case 4
hor g rm(klm)=ruri;
case 5
hor_g cm(klm)=ruri;
case 6
hor_r cm(klm)=ruri;
case 7
ver_g_r(klm)=ruri;
case 8
ver_g_c(klm)=ruri;
case 9
ver_r_c(klm)=ruri;
case 10
ver_g_rm(klm)=ruri;
case 11
ver_g_cm(klm)=ruri;
case 12
ver_r_cm(klm)=ruri;
end;

hor g r(2,:)=ver_g_r(:);
hor_ g c(2,:)=ver_g_c(:);
hor r c(2,:)=ver_r_c(:)

’

hor g rm(2,:)=ver_g rm(:);

hor g cm(2,:)=ver_g cm(:);

hor r cm(2,:)=ver_r cm(:);
299990009900009099000099900009900009900090999000909
CODO0O0O0OO0OO0O0O00O0O0O0OO0O0O0O0O0O0O0O0O0O0OO0O0O0OO0O0OO0O0O0©OO©O0O0O0©©©°
mhor g r=mean(hor_g r);

mhor g c=mean(hor_g c);

mhor_r c=mean(hor_r c);

mhor g rm=mean(hor_g rm);
mhor g cm=mean(hor_g cm);
mhor r cm=mean(hor_r cm);

hor g r=max(hor g r);

hor g c=max(hor_g c);
hor r c=max(hor_r c);

129



hor_ g rm=max(hor_g_rm);
hor_ g cm=max(hor_g_cm);

%% get intensities:

greens=[1];
reds=[];
cyfs=[1];

greenmatrix=[];
redmatrix=[];
cyfmatrix=[];
greenmatrix=movi(:
redmatrix=movi(:,:
cyfmatrix=movi(:,:
for i=xxxxx

doublex=round(xx(1i)

doubley=round(yy (i)

ocols=[];

orows=[];

ocols3=]

orows3=[

k = 4;

n = 2°k-1;

theta = pi*(-n:1l:n)/n;

protx=doublex; proty=doubley;

protx = protx + inner_radius*cos(theta);

proty = proty + inner_radius*sin(theta);

orows=round(proty);

ocols=round(protx);

protx=doublex; proty=doubley;

protx = protx + outer_radius*cos(theta);

proty = proty + outer_radius*sin(theta);

orows3=round(proty);

ocols3=round(protx);

r

W N
-
-
~
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r
r

)
)
)i
)i
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17

octogon=roipoly(greenmatrix,ocols,orows);
pos=find(octogon==1);
suml=sum(greenmatrix(pos));

number_of pix=numel (pos);

octogon2=roipoly(greenmatrix,ocols3,orows3);
pos=find(octogon2==1 & octogon==0);
media2=mean(greenmatrix(pos));
greens(i)=suml-media2*number of pix;

octogon=roipoly(redmatrix,ocols,orows);
pos=find(octogon==1);
suml=sum(redmatrix(pos));

octogon2=roipoly(redmatrix,ocols3,orows3);
pos=find(octogon2==1 & octogon==0);
media2=mean(redmatrix(pos));
reds(i)=suml-media2*number of pix;

octogon=roipoly(cyfmatrix,ocols,orows);
pos=find(octogon==1);
suml=sum(cyfmatrix(pos));

octogon2=roipoly(cyfmatrix,ocols3,orows3);
pos=find(octogon2==1 & octogon==0);

media2=mean(cyfmatrix(pos));
cyfs(i)=suml-media2*number of pix;

int_coeffmatrix=zeros(12,numel (XXxXXX));
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int _coeffmatrix(1l,:)=round(xXx(XXXXX)

)i
)i

int _coeffmatrix(2,:)=round(yy (XXxXxx)

int_coeffmatrix(3,:)=2zz(XXXXX);
int_coeffmatrix(4,:)=greens(xxxxx);%green intensity

int coeffmatrix(5,:)=reds(xXxxxx);

int coeffmatrix(6,:)=cyfs(xxxxx);

int coeffmatrix(7,:)=hor g r(xxxxx);% it is not horizontal, but max (of

horizontal and vertical)

int coeffmatrix(8,:)=hor g c(xxxxx);$% same as above
int _coeffmatrix(9,:)=hor_r c(xxxxx);$% same as above
int coeffmatrix(10,:)=hor_g_ rm(xxxx % same as above

)
)

oe

7

7

X)7
int_coeffmatrix(1ll,:)=hor_g_cm(xxxxx);% same as above
int_coeffmatrix(1l2,:)=hor_r cm(xxxxx);% same as above

% for mean cc:
m_corrmat=[];
m_corrmat(l,:)=mhor_g r(xXxXxxX);
m_corrmat(2,:)=mhor_g c(XXxxXX);
m_corrmat(3,:)=mhor_r c(xXXxxXX);
m_corrmat(4,:)=mhor_g rm(xXxxXxx);
m_corrmat(5,:)=mhor_g cm(xXxxXxx);
m_corrmat(6,:)=mhor_r cm(xXxXxxX);

%% call quit2 and write matrix to file
AutoQuit2 (ichannel, xxxxx,savedir);
if ichannel==

dlmwrite(strcat(savedir, 'tritc_',rl,' intens coeff.txt'),int coeffmatrix);

dlmwrite(strcat(savedir, 'tritc_',rl,' mean ccoeff.txt'),m_corrmat);

elseif ichannel==

dlmwrite(strcat(savedir,rl,' intens coeff.txt'),int coeffmatrix);

dlmwrite(strcat(savedir,rl,' mean ccoeff.txt'),m _corrmat);
elseif ichannel==

dlmwrite(strcat(savedir,rl,' intens coeff gr.txt'),int_coeffmatrix);

dlmwrite(strcat(savedir,rl,' mean ccoeff gr.txt'),m corrmat);
end

function [ ]=AutoQuit2(ichannel, xxxxx,savedir)

global movi rl xx yy 2zz
global inner radius outer_radius

fitsmatrix=[];
realsmatrix=[];
rms=zeros (6 ,numel (XxXxXxX));

for klm=1:numel (XXXXX)

x=round (xx (xxxxx(klm))); y=round(yy(xxxxx(klm)));

% vertical

vertmatrix=movi(y-outer_ radius:y+outer_radius,x-
inner radius:x+inner_radius,:);

% horizontal
hormatrix=movi(y-inner_radius:y+inner radius,x-

outer radius:x+outer_radius,:);

vertl=mean(vertmatrix(:,:,1)');%mean along inner radius
vertl=vertl-min(vertl);%normalize

vertl=vertl';

vert2=mean(vertmatrix(:,:,2)"');

vert2=vert2-min(vert2);

vert2=vert2';

vert3=mean(vertmatrix(:,:,3)"');

vert3=vert3-min(vert3);

vert3=vert3';
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horl=mean(hormatrix(:,:,1));%mean along inner radius
horl=horl-min(horl);%normalize

horl=horl';

hor2=mean (hormatrix(:,:,2));

hor2=hor2-min(hor2);

hor2=hor2';

hor3=mean(hormatrix(:,:,3));

hor3=hor3-min(hor3);

hor3=hor3';

px=[1l:1:(2*outer_radius+l)]; px=px';

$fit model:

opts = fitoptions('yO+a*exp(-.5%((x-x0)/b)"2)");

opts.Startpoint=[10 10 12.5 0];%new fitoptions, closer to the expected
outcome [a b x0 yO0];

opts.Lower=[0 0 -inf -inf];%amplitude

opts.Display='off';

ftype=fittype('y0+a*exp(-.5%((x-x0)/b)"2)", 'options',opts);

try
gfit=[];gof=[];
[gfit gof]=fit(px,vertl,ftype);
rms(1l,klm)=gof.adjrsquare; $adjusted R"2 value
val=gfit.a; vbl=gfit.b; vx0l=gfit.x0; vyO0l=gfit.y0;
catch
val=0; vbl=0; vx01=0; vy01=0;
end;

try
gfit=[];gof=[];
[gfit gof]=fit(px,vert2,ftype);
rms (2,klm)=gof.adjrsquare; $adjusted R"2 value
va2=gfit.a; vb2=gfit.b; vx02=gfit.x0; vy02=gfit.y0;
catch
va2=0; vb2=0; vx02=0; vy02=0;
end;

try
gfit=[];gof=[];
[gfit gof]=fit(px,vert3,ftype);
rms (3,klm)=gof.adjrsquare; $adjusted R"2 value
va3=gfit.a; vb3=gfit.b; vx03=gfit.x0; vy03=gfit.y0;
catch
va3=0; vb3=0; vx03=0; vy03=0;
end;

try
gfit=[];gof=[];
[gfit gof]=fit(px,horl,ftype);
rms (4,klm)=gof.adjrsquare; $adjusted R"2 value
hal=gfit.a; hbl=gfit.b; hx0l=gfit.x0; hy0l=gfit.y0;
catch
hal=0; hbl=0; hx01=0; hy01=0;
end;

try
gfit=[];gof=[];
[gfit gof]=fit(px,hor2,ftype);
rms (5,klm)=gof.adjrsquare; $adjusted R"2 value
ha2=gfit.a; hb2=gfit.b; hx02=gfit.x0; hy02=gfit.y0;
catch
ha2=0; hb2=0; hx02=0; hy02=0;
end;

try
gfit=[];g0f=[];
[gfit gof]=fit(px,hor3,ftype);
rms (6,klm)=gof.adjrsquare; $adjusted R"2 value
ha3=gfit.a; hb3=gfit.b; hx03=gfit.x0; hy03=gfit.y0;
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catch

ha3=0; hb3=0; hx03=0; hy03=0;

end;

hfitl=[]; hfit2=[]; hfit3=[]; vfitl=[]; vfit2=[]; vEit3=[];
hfitl=(hyOl+hal*exp(-.5*((px-hx01)/hbl)."2))";
hfit2=(hy02+ha2*exp(-.5*( (px-hx02)/hb2).%2))";
hfit3=(hy03+ha3*exp(-.5*((px-hx03)/hb3)."%2))";
vEitl=(vyOl+val*exp(-.5*((px-vx01l)/vbl)."2))"';
vEit2=(vy02+va2*exp(-.5*((px-vx02)/vb2)."2))";
vEit3=(vy03+va3*exp(-.5*((px-vx03)/vb3)."2))"';

diffvl=realsqrt(sum((vertl'-vfitl)."2)

diffv3=realsqrt(sum((vert3'-vfit3)."2)

)i
diffv2=realsqrt(sum((vert2'-vfit2)."2));
)i

diffhl=realsqrt(sum((horl'-hfitl)."2))
diffh2=realsqrt(sum( (hor2'-hfit2)."2));
diffh3=realsqrt(sum( (hor3'-hfit3)."2));

$fit matrix coordinates

fitsmatrix(1l,klm)=xx(xxxxx(klm));

fitsmatrix(3,klm)=zz(xxxxx(klm));

fitsmatrix(4,klm)=val; fitsmatrix(5,klm)=vbl;

fitsmatrix(7,klm)=vy0l; fitsmatrix(8,klm)=diffvil;

fitsmatrix(9,klm)=va2; fitsmatrix(10,klm)=vb2;

fitsmatrix(12,klm)=vy02; fitsmatrix(1l3,klm)=diffv2;

fitsmatrix(14,klm)=va3;

fitsmatrix(15,klm)=vb3;

fitsmatrix(17,klm)=vy03; fitsmatrix(1l8,klm)=diffv3;

fitsmatrix(19,klm)=hal;

fitsmatrix(20,klm)=hbl;

fitsmatrix(22,klm)=hy01l; fitsmatrix(23,klm)=diffhl;

fitsmatrix(24,klm)=ha2;

fitsmatrix(25,klm)=hb2;

fitsmatrix(27,klm)=hy02; fitsmatrix(28,klm)=diffh2;

fitsmatrix(29,klm)=ha3;

fitsmatrix(30,klm)=hb3;

fitsmatrix(32,klm)=hy03; fitsmatrix(33,klm)=diffh3;

%realsmatrix coordinates

realsmatrix(1l,klm)=xx(xxxxx(klm));

realsmatrix(3,klm)=zz(xxxxx(klm));

measurer=2*outer_radius+1l;

realsmatrix(4:measurer+3,

klm)=vertl;

realsmatrix(measurer+4:2*measurer+3,klm)=vfitl’;

realsmatrix(2*measurer+4:
realsmatrix(3*measurer+4:
realsmatrix(4*measurer+4:
realsmatrix(5*measurer+4:
realsmatrix(6*measurer+4:
realsmatrix(7*measurer+4:
realsmatrix(8*measurer+4:
realsmatrix(9*measurer+4:

3*measurer+3,klm)=vert2;
4*measurer+3,klm)=vfit2’';
5*measurer+3,klm)=vert3;
6*measurer+3,klm)=vfit3’';
7*measurer+3,klm)=horl;
8*measurer+3,klm)=hfitl’;
9*measurer+3,klm)=hor2;
l0*measurer+3,klm)=hfit2"';

realsmatrix(l0*measurer+4:1ll*measurer+3,klm)=hor3;

realsmatrix(ll*measurer+4:12*measurer+3,klm)=hfit3';

end;

if ichannel==

dlmwrite(strcat(savedir, 'tritc ',rl,' fitmatrix.txt'),fitsmatrix);
dlmwrite(strcat(savedir, 'tritc ',rl,' realmatrix.txt'),realsmatrix);
dlmwrite(strcat(savedir, 'tritc ',rl,' adjrsqgrfit.txt'),rms);

elseif ichannel==

dlmwrite(strcat(savedir,rl,' fitmatrix.txt'),fitsmatrix);
dlmwrite(strcat(savedir,rl,' realmatrix.txt'),realsmatrix);

dlmwrite(strcat(savedir,rl,' adjrsqrfit.txt'),rms);

elseif ichannel==

dlmwrite(strcat(savedir,rl,' fitmatrix gr.txt'),fitsmatrix);
dlmwrite(strcat(savedir,rl,' realmatrix gr.txt'),realsmatrix);
dlmwrite(strcat(savedir,rl,' adjrsqgrfit gr.txt'),rms);

fitsmatrix(2,klm)=yy(xxxxx(klm));

fitsmatrix(6,klm)=vx01;

realsmatrix(2,klm)=yy(xxxxx(klm));

fitsmatrix(1l1l,klm)=vx02;

fitsmatrix(16,klm)=vx03;

fitsmatrix(21,klm)=hx01;
fitsmatrix(26,klm)=hx02;

fitsmatrix(31,klm)=hx03;
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R e —————————————————————————————————————————————————————————————_—_e

function PHluoro_process(seldirs,dirpaths)

disp(sprintf('\n\nstarting PHluoro process...\n'));
destinationfolder='W:\phoopma\Immunostainings\AutoAnalysis\';

%% declare some standard variables here:
upbound=11.5;

lobound=1.5;

coflim=0.9;

bins=(-200:115:11800);

bins2=(0:0.4:10);
interval=abs((bins(2)-bins(1))/2);

%% get the conditions' names:
realnames{l}='synatptobrevin';
realnames{2}='actin';
realnames{3}='amphiphysin';
realnames{4}="'apl80';
realnames{5}='clathrin’;
realnames{6}="'endophilin';
realnames{7}='SNAP-25";
realnames{8}='Syntaxinl';
realnames{9}='syntaxinl3'
realnames{10}="syntaxiné6'
realnames{ll}="vtila';
realnames{12}='synaptotagmin';
fixer=ones (numel (realnames),l);

4
4

$% find folders:
for chani=1:3 %so I can look at tritc selection and at cyf selection
%$loop through selected folders
for iseldir=1l:numel(seldirs)
cd(dirpaths{iseldir});
save('realnames.mat', 'realnames');
dlmwrite('fixer.txt', fixer);
subdirs_org=GetSubDirs;
subdirs=strcat(dirpaths{iseldir}, '\',subdirs_orgq)
for iddd=1:numel (subdirs)
for icheck=1:numel (realnames)%make the code check if realnames
are represented in the subfolders and eliminate the folders that are not
part of realnames
if not (isempty (strfind(subdirs{iddd},realnames{icheck})))
identifier(iddd)=1;
break
else identifier(iddd)=0;
end
end
end
subdirs_org=subdirs_org(identifier==1);
subdirs=subdirs(identifier==1);
$variables for the experimental folders:
fullfwhist(:,1)=bins2';
fullcoma(:,1)=bins’;
fullloco(:,1)=bins’;
fullhico(:,1)=bins’;
fullspots=[];
dirnumspots=zeros(7,numel (subdirs));
fullintco=[];fullfitqual=[];
fulllabels=char('bins');
fullhistint=zeros(numel (bins),3*numel (subdirs)+1);
fullhistint(:,1)=bins’;

fullnumspots=[];

gffwhm=[];

% now you can loop through all folders and execute the desired
operations

for id=1:numel (subdirs)
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noorg=not (isempty(strfind(subdirs_org{id}, 'cyf 0')));
if chani==2 && noorg==
continue
elseif chani==1 && noorg==
continue
end
cd(subdirs{id});
offs=6*id-5;
fullmatrix=[];foldintco=[];
foldfitqual=[];foldimage=[];foldmcoeff=[];

%% concat matrices
switch chani

case 3
filenames=dir( 'green*fitmatrix.txt');
case 2
filenames=dir('tritc*fitmatrix.txt');
case 1

filenames=dir('green*intens coeff gr.txt');
end
files={filenames.name};clear filenames;

for ifi=l:numel(files)
if chani~=1
matrix=dlmread(files{ifi});
fullmatrix=cat(2,fullmatrix,matrix);

fitqual=dlmread(strrep(files{ifi}, 'fitmatrix', 'adjrsqgrfit'));
foldfitqual=cat(2,foldfitqual,fitqual);

intco=dlmread(strrep(files{ifi}, 'fitmatrix', "intens coeff'));
foldintco=cat(2,foldintco,intco);

mcoeff=dlmread(strrep(files{ifi}, 'fitmatrix', 'mean ccoeff'));
foldmcoeff=horzcat (foldmcoeff, mcoeff);
else
intco=dlmread(files{ifi});
foldintco=cat(2,foldintco,intco);

mcoeff=dlmread(strrep(files{ifi}, 'intens coeff', 'mean ccoeff'));
foldmcoeff=horzcat (foldmcoeff, mcoeff);

%this didn't use to be here

matrix=dlmread(strrep(files{ifi}, 'intens coeff', 'fitmatrix'));
fullmatrix=cat(2,fullmatrix,matrix);

fitqual=dlmread(strrep(files{ifi}, 'intens coeff','adjrsqrfit'));
foldfitqual=cat(2,foldfitqual,fitqual);
end
switch chani
case 2
[mynameid]=strtok(files{ifi}, 'tritc green');
case 3
[mynameid]=strtok(files{ifi}, 'green ');
case 1
[mynameid]=strtok(files{ifi}, 'green ');
end
mynameid=str2double (mynameid);
myimageid=zeros(1l,size(intco,2));myimageid(:)=mynameid;
foldimage=horzcat(foldimage,myimageid);clear myimageid
mynameid;
end
clear matrix intco;
deviats=fullmatrix(8:5:23,:);
fwhm=(fullmatrix(5:5:33,:))*2.2;
switch chani
case 2
dlmwrite('tritc all fwhm.txt',6fwhm');
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foldintco_id=vertcat(foldintco,foldimage);
dlmwrite('tritc all intens coeff.txt',foldintco_id);

dlmwrite('tritc all mean ccoeff.txt',vertcat(foldmcoeff,foldimage));
dlmwrite('tritc all fitqual.txt',6 foldfitqual);
case 3
dlmwrite('all fwhm.txt',fwhm');
foldintco_id=vertcat(foldintco,foldimage);
dlmwrite('all intens coeff.txt', foldintco_id);

dlmwrite('all mean ccoeff.txt',vertcat(foldmcoeff,foldimage));
dlmwrite('all fitqual.txt',6foldfitqual);
case 1
dlmwrite('all fwhm gr.txt',fwhm');
foldintco_id=vertcat(foldintco,foldimage);
dlmwrite('all intens coeff gr.txt',foldintco_id);

dlmwrite('all mean ccoeff gr.txt',vertcat(foldmcoeff,foldimage));
dlmwrite('all fitqual gr.txt',6 foldfitqual);
end
switch chani
case 2

save('tritc catmatrices.mat','fullmatrix', 'deviats','fwhm','foldintco id','f
oldfitqual');
case 3

save('catmatrices.mat','fullmatrix', 'deviats','fwhm', 'foldintco id', 'foldfit
qual');
case 1
save( 'catmatrices gr.mat','foldintco id');%add the other
ones here!
end

%% make histogram
greenint=foldintco(4,:);
tritcint=foldintco(5,:);
cyfint=foldintco(6,:);
numspot=numel (greenint);
dirnumspots(1l,id)=numspot;
gl=hist(greenint,bins)*100/numspot;
tl=hist(tritcint,bins)*100/numspot;
cl=hist(cyfint,bins)*100/numspot;

offset=id*3-1;

fullhistint(:,offset)=gl’;
fullhistint(:,offset+l)=tl’';
fullhistint(:,offset+2)=cl’;
fulllabels=char(fulllabels,char(subdirs_org(id)));

%% getfindloop
cgt=foldintco(7,:);
cgc=foldintco(8,:);
ctc=foldintco(9,:);
cmgt=foldintco(10,:);
cmgc=foldintco(1l1l,:);
cmtc=foldintco(12,:);
mgtl=[];mgt2=[];mgcl=[];mgc2=[];mtcl=[];mtc2=[];
for iic=1l:numel(bins)
eg=find(greenint>bins(iic)-interval & greenint <=
bins(iic)+interval);
et=find(tritcint>bins(iic)-interval & tritcint <=
bins(iic)+interval);
ec=find(cyfint>bins(iic)-interval & cyfint <=
bins(iic)+interval);
if numel(eg)>0
mgtl(iic)=median(cgt(eg));
mgcl(iic)=median(cgc(eg));
else
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mgtl(iic)=NaN;
mgcl(iic)=NaN;
end;
if numel(et)>0
mgt2(iic)=median(cgt(et));
mtcl(iic)=median(ctc(et));
else
mgt2 (iic)=NaN;
mtcl(iic)=NaN;
end;
if numel(ec)>0
mgc2(iic)=median(cgc(ec));
mtc2(iic)=median(ctc(ec));
else
mgc2 (iic)=NaN;
mtc2 (iic)=NaN;
end;
end;
coma=cat(2,mgtl',mgt2',mgcl’',mgc2’',mtcl’',mtc2');
switch chani
case 3
dlmwrite( 'mediancc.txt',coma);
case 2
dlmwrite('tritc mediancc.txt',coma);
end
fullcoma=cat(2,fullcoma,coma);
% now cut off the intensities with a cc below 0.9
tyyl=find(cgt>coflim);
tyy2=find(cgc>coflim);
tyy3=find(ctc>coflim);
tyzl=find(cmgt>coflim);
tyz2=find(cmgc>coflim);
tyz3=find(cmtc>coflim);
% fill up the dirnumspots matrix:
dirnumspots(2,id)=numel (tyyl);
dirnumspots(3,id)=numel (tyy2);
dirnumspots(4,id)=numel (tyy3);
dirnumspots(5,id)=numel (tyzl);
dirnumspots(6,id)=numel (tyz2);
dirnumspots(7,id)=numel (tyz3);
% make histo of these cc>coflim
gyl=greenint(tyyl);
gy2=greenint(tyy2);
tyl=tritcint(tyyl);
ty2=tritcint(tyy3);
cyl=cyfint(tyy2);
cy2=cyfint(tyy3);
gl=hist(gyl,bins)*100/numspot;
g2=hist(gy2,bins)*100/numspot;
tl=hist(tyl,bins)*100/numspot;
t2=hist(ty2,bins)*100/numspot;
cl=hist(cyl,bins)*100/numspot;
c2=hist(cy2,bins)*100/numspot;

cl_my=hist(cyl,bins)*100/numel(cyl);
his_hi=cat(2,g91',g2',tl',t2"',cl',c2");
switch chani
case 3
dlmwrite('his coef hi.txt',his_hi);
dlmwrite('his coef hi gc.txt',cl my');
case 2
dlmwrite('tritc his coef hi.txt',his_hi);

dlmwrite('tritc _his coef hi gc.txt',cl _my');

end
fullhico=cat(2,fullhico,his_hi);
txxl=find(cgt<=coflim);
txx2=find(cgc<=coflim);
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txx3=find(ctc<=coflim);
gxl=greenint(txxl);
gx2=greenint (txx2);
txl=tritcint(txxl);
tx2=tritcint(txx3);
cxl=cyfint(txx2);
cx2=cyfint (txx3);
gsl=hist(gxl,bins)*100/numspot; %if you want it scaled to 100%
then divide by numgr2; /numgr scales to total spots
gs2=hist(gx2,bins)*100/numspot;
tsl=hist(txl,bins)*100/numspot;
ts2=hist(tx2,bins)*100/numspot;
csl=hist(cxl,bins)*100/numspot;
cs2=hist(cx2,bins)*100/numspot;
his_lo=cat(2,gsl’',gs2',tsl',ts2',csl',cs2");
switch chani
case 3
dlmwrite('his coef locc.txt',his_ lo);
case 2
dlmwrite('tritc his coef locc.txt',his_lo);
end
fullloco=cat(2,fullloco,his_lo);

%% getelementsofmatrix
if chani~=1
for nnn=1:6
fw{nnn}=fwhm(nnn,:);
h{nnn}=hist (fw{nnn},bins2)*100/numspot;
end
hi=cat(1,h{1},h{2},h{3},h{4},h{5},h{6});
switch chani
case 3
dlmwrite('fw hist.txt',hi');
dlmwrite('fw hist bins.txt',bins2');
case 2
dlmwrite('tritc fw hist.txt',hi');
dlmwrite('tritc fw hist bins.txt',bins2');
end
fullfwhist(:,0ffs+1l:1:0ffs+6)=hi’;
fullnumspots=cat (2, fullnumspots,dirnumspots);
fullspots=cat(2,fullspots, fwhm);
gffwhm=cat (2, gffwhm, fwhm);
end

%% resume parent
fullintco=cat(2,fullintco, foldintco);
if ~rem(id,2)
end
cd ..;

end

if chani~=1
elements=numel (fullspots(1l,:)
gfl=hist(fullspots(l,:),bins2
tfl=hist(fullspots(2,:),bins2
cfl=hist(fullspots(3,:),bins2
fwhisto(:,1)=bins2;
fwhisto(:,2)=gfl*100/elements;
fwhisto(:,3)=tfl1*100/elements;
fwhisto(:,4)=cfl*100/elements;
g2=hist(fullspots(4,:),bins2);
t2=hist(fullspots(5,:),bins2);
c2=hist(fullspots(6,:),bins2);
fwhisto(:,5)=g2*100/elements;
fwhisto(:,6)=t2*100/elements;
fwhisto(:,7)=c2*100/elements;

end

subbers{iseldir}=subdirs_org;

end

)i
)i
)i
)i
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end
if nargin ~=2
disp(sprintf('\n...done concatenating all files.\t(%2.1f
minutes)\n',toc/60));
else
disp(sprintf('\n...done concatenating all files.'));
end

%% call more analysis programs:

[cutoff

coflim]=pH_gp_catmonopoly GetThresh(seldirs,destinationfolder,subbers,realna
mes, lobound, upbound) ;

dirgenpool=pH_findtritccyf genpool(seldirs,destinationfolder,subbers,cutoff,
realnames, lobound,upbound,coflim);

dirtritc=pH_findtritccyf tritcclick(seldirs,destinationfolder,subbers,cutoff
,realnames, lobound,upbound,coflim);

dirgreen=pH_findtritccyf green(seldirs,destinationfolder,subbers,cutoff,real
names, lobound,upbound,coflim);
pH_finalresult(dirgenpool,dirtritc,dirgreen,seldirs);

pH_catexpi intco(seldirs,destinationfolder,subbers,cutoff,realnames, lobound,
upbound,coflim);

pH_catexpi_intco_tritcclick(seldirs,destinationfolder, subbers,cutoff,realnam
es, lobound,upbound,coflim);

function [cutout
coflim]=pH_gp_catmonopoly GetThresh(seldirs,destinationfolder,subdirs,realna
mes, lobound, upbound)

disp(sprintf('finding threshold values for the different ABs...'));

$% coflim is the cc threshold
coflim=0.9;%this is passed to the other routines now
%get number and names of all folders so MatLab knows where to loop
bins=(-200:350:25000);
for subdi=1l:numel(seldirs)
cd (destinationfolder);
cd (seldirs{subdi});
intcomat=[];
duplicate=[];
for id =1l:numel(subdirs{subdi})
cd (subdirs{subdi}{id});
$%% check the name of the folder here:
orgs=[];
identifier=[];
for icheck=1:numel (realnames)
if not (isempty (strfind(subdirs{subdi}{id},realnames{icheck})))
identifier=icheck;
break
elseif icheck==numel (realnames) && isempty(identifier)
disp ('help me out here');
keyboard;
end
end
if not (isempty (strfind(subdirs{subdi}{id},' 10")))
orgs=' 10";
idorgs=2;
else
orgs=' 0';
idorgs=1;
end
if identifier==1 && not(isempty(strfind(subdirs{subdi}{id},'2 ")))
identifier=numel (realnames)+1;
end

%% find spots with mean fwhm between 2 and 7 pixels
fwhm=dlmread ('all fwhm.txt');
fullintco=dlmread('all intens coeff.txt');
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fullmcoeff=dlmread('all mean ccoeff.txt');

oe

%

fitqual=dlmread('all fitqual.txt');
% cyfs=find(fullintco(6,:)>3000);
numspot=numel (fwhm(:,1));
R T R R R R R T L
$if you want all spots that have both

90
90
o

fwhm=fwhm';

$find the better fit for each spot and get the fwhm:

[bestfit index]=max(fitqual([3 6],:));

bestwidth=zeros(1l,numel(index));

for ibes=1:numel (index)

bestwidth(ibes)=fwhm(index(ibes)*3,ibes);

end

fwhm=fwhm(:, (bestfit>0.5 & bestwidth>=lobound &
bestwidth<=upbound)); % so now the fwhm only contains the ones with the

ind_ fwhm=find(bestfit>0.5 & bestwidth>=lobound &
bestwidth<=upbound); % better fit being between 2.11 and 7.38 pixels

gt_fw=ind_fwhm;

gc_fw=ind_fwhm;

tc_fw=ind_fwhm;

5555333885555 %3%%8%5%5%5%3%%%%%%%5%5%%3%%%%%5%5%333%%%%%5%5%%%%%%

cgc=fullintco(8,gc_£fw);

tyy2=find(cgc>coflim);

idtyy2=gc_fw(tyy2);

intcomat{identifier,idorgs}(1,:)=fullintco(6,idtyy2);%%intensity in
cyf of spots with cc>0.9

$%%concat the syb and 2 syb samples:

if identifier==numel(realnames)+1
duplicate=intcomat;

end

%% put this back in:

if identifier==1 && not(isempty(duplicate))

intcomat{identifier,idorgs}=cat(2,intcomat{identifier,idorgs},intcomat{numel
(realnames)+1,idorgs});%duplicate=][];
end

end
expi{subdi}=intcomat;
for indiau=1:numel(realnames) %this is the number of realnames
try
indiautcut(indiau,subdi)=prctile(expi{subdi}{indiau,1},98); % so
9x% are cut off (before it was 96)
catch
subdirs{subdi} (id)
end
end
end
cd ..;
dlmwrite( 'SV hiscat cc09int thresh96 indivAB.txt',indiautcut);%maybe you
should change this at some point
$so that you don't always overwrite the older file
cutout=indiautcut;

%% fix this so it can handle variable amounts of input experiments!
if numel(seldirs)>1
for iann=1:numel(realnames)
hoca=[1];
if iann<10
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idiot=1l:numel (seldirs);
else
idiot=2:numel(seldirs);%this is because the uphill analysis
experiment 1(22.11.07) didn't contain realnames(10)
end
for ihc=idiot
hoca=horzcat (hoca,expi{ihc}{iann,1});
end
thr(iann)=prctile(hoca,99);
anuma(:,2*iann-1)=hist (hoca,bins)/numel (hoca)*100;
anuma(:,2*iann)=hist (hoca,bins)/numel (hoca)*100;
end
dlmwrite( 'SV hiscat cc09int 0 10 indivAB.txt',cat(2,bins',anuma));

function
dirgenpool=pH_findtritccyf genpool(seldirs,destinationfolder,subdirs,cutoff,
realnames, lobound,upbound,coflim)

disp(sprintf('collecting data for general pool vesicles...'));
bins=(-200:115:25000);
bins2=(-200:1500:100000);
corbins=(0:0.1:1);
duplicate=[];
for subdi=1:numel(seldirs)
cd (destinationfolder);
cd (seldirs{subdi});
$cutoff=dlmread('SV_hiscat cc09int thresh96 indivAB.txt');
dup=[1];
intcomat=[];
fulllabels=[];
fullhico(:,1)=bins’;
dirnumspots=[];
tritcspots=[];
fullcyfint{subdi}=[1];
directories=[];

for id =1l:numel(subdirs{subdi})
cd (subdirs{subdi}{id});
orgs=[];
identifier=[];
for icheck=1:numel (realnames)
if not (isempty (strfind(subdirs{subdi}{id},realnames{icheck})))
identifier=icheck;
break
elseif icheck==numel (realnames) && isempty(identifier)
disp ('help me out here');
keyboard;
end
end
if not (isempty (strfind(subdirs{subdi}{id},' 10")))
orgs=' 10";
idorgs=2;
else
orgs=' 0';
idorgs=1;
end

$prepare to concat the 2 syb stuff

if identifier==1 && not(isempty(strfind(subdirs{subdi}{id},'2 ")))
identifier=numel (realnames)+1;
dup{1l,idorgs}=dlmread('all fwhm.txt'); %2 syb fwhm

dup{2,idorgs}=dlmread('all intens coeff.txt');
%2 syb fullintco

dup{3,idorgs}=dlmread('all fitqual.txt');

dup{4,idorgs}=dlmread('all mean ccoeff.txt');

cd ..;

141



else

the

and 7:

bestwidth<=u

bestwidth<=u

histogram
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continue

%% find spots with mean fwhm between 2 and 7 pixels
fwhm=dlmread ('all fwhm.txt');
fullintco=dlmread('all intens coeff.txt');
fullmcoeff=dlmread('all mean ccoeff.txt');
fitqual=dlmread('all fitqual.txt');

if identifier==1 && not(isempty(dup))
fwhm=cat (1, fwhm,dup{l,idorgs});
fullintco=cat(2,fullintco,dup{2,idorgs});
fitqual=cat(2,fitqual,dup{3,idorgs});
fullmcoeff=cat(2,fullmcoeff,dup{4,idorgs});
end

%% activate this cell to use the mean cc instead of the max of

233
$if you want all spots that have both hor and ver fit

fwhm=fwhm';

$find the better fit for each spot and get the fwhm:

[bestfit index]=max(fitqual([3 6],:));

bestwidth=zeros(1l,numel(index));

for ibes=1:numel (index)
bestwidth(ibes)=fwhm(index(ibes)*3,ibes);

end

fwhm=fwhm(:, (bestfit>0.5 & bestwidth>=lobound &

pbound)); % so now the fwhm only contains the ones with the

ind_ fwhm=find(bestfit>0.5 & bestwidth>=lobound &

pbound) ;

gt_fw=ind_fwhm;

gc_fw=ind_fwhm;

tc_fw=ind_fwhm;

cgt=fullintco(7,gt_£fw);

cgc=fullintco(8,gc_=fw);

cte=fullintco(9,tc_=fw);

cmgt=fullintco(10,gt_£fw);
cmgc=fullintco(1l1l,gc_£fw);
cmtc=fullintco(1l2,tc_£fw);

% now cut off the intensities with a cc below 0.9 and make a

tyyl=find(cgt>coflim);
idtyyl=gt_fw(tyyl);
tyy2=find(cgc>coflim);
idtyy2=gc_fw(tyy2);
tyy3=find(ctc>coflim);
idtyy3=tc_fw(tyy3);

~e

tyzl=find(cmgt>coflim)
idtyzl=gt_fw(tyzl);
tyz2=find(cmgc>coflim)
idtyz2=gc_fw(tyz2);
tyz3=find(cmtc>coflim)
idtyz3=tc_fw(tyz3);

~e

~e

cutc=find(fullintco(6,:)>cutoff(identifier,subdi));

idtyyl=intersect(idtyyl,cutc);
idtyy2=intersect(idtyy2,cutc);
idtyy3=intersect(idtyy3,cutc);



idtyzl=intersect(idtyzl,cutc);
idtyz2=intersect(idtyz2,cutc);
idtyz3=intersect(idtyz3,cutc);

cyfs=intersect(tc_fw,cutc);
gc_no_t=setdiff(idtyy2,union(idtyyl,idtyy3)); %$these are the

ones that have SV marker + prot of interest but NO tritc
cyf no_t=setdiff(cyfs,idtyy3); %these are all cyfs w/o tritc

label
save( 'analyzedspots','gc no t','cyf no t','fullintco');
gnow get me the intensities in green of the spots:
if idorgs==
myb=-250:225:7500;
myint=fullintco(4,gc_no_t);
myh=hist (myint,myb);
myh=myh/numel (myint)*100;
myhc=makeCumHist (myh');
myh2 =hist(fullintco(4,:),myb);
myh2=myh2/numel(fullintco(4,:))*100;
myhc2=makeCumHist (myh2');
dlmwrite('gp gr red int colo.txt',horzcat(myb',myh',myhc));
dlmwrite('gp gr red int all.txt',horzcat(myb',myh2',myhc2));
end
%% get cyfint and cc for all genpool vesicles:
%get the cyf intensity of the vesicles: (for what Ioanna wanted
to know)

if idorgs==
cyffll=[];
cyffl1(1,:)=fullintco(6,cyf no t);
% cyffll(2,:)=fwhm(3,cyf no t);
% cyffl1(3,:)=fwhm(6,cyf no t);
fullcyfint{subdi}=cat(2,fullcyfint{subdi},cyffll);
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dirnumspots(1l,identifier,idorgs)=numspot;
dirnumspots(2,identifier,idorgs)=numel (idtyyl);
dirnumspots(3,identifier,idorgs)=numel (idtyy2);
dirnumspots(4,identifier,idorgs)=numel (idtyy3);
dirnumspots(5,identifier,idorgs)=numel (idtyzl);
dirnumspots(6,identifier,idorgs)=numel (idtyz2);
dirnumspots(7,identifier,idorgs)=numel (idtyz3);
dirnumspots(8,identifier,idorgs)=numel(gc_no_t); %number of
spots that have SV marker + prot of interest but NO tritc
dirnumspots(9,identifier,idorgs)=numel(cyf no_t); %$total number
of vesicles w/o tritc
tritcspots(l,identifier,idorgs)=numel(cyfs);
tritcspots(2,identifier,idorgs)=numel (idtyy3);

©0000000000000000000000000000000000000000000000000020000000002000002000000008
CTCT000CT00C0000000000000000C0000O0000O0CO000O0CVO00O0VOOCO00O00O0CVO000CO0VOOC0OO00OOC0C0OD0D
©000000000000000000000000000002000200000¢8
CC000CT000C0000000000C000000C000C0000OC0O00D00

%% cc histos

ccgtl=fullintco(7,cyfs);
ccgcl=fullintco(8,cyfs);
cctcl=fullintco(9,cyfs);
[gtl]=hist(ccgtl,corbins);
[gcl]=hist(ccgcl,corbins);%/numel (cyfs)*100;
[tcl]=hist(cctcl,corbins);%/numel (cyfs)*100;
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dlmwrite(strcat(realnames{identifier},orgs,' cchisto.txt'),cat(2,corbins',gt
1',gcl’, tcl’));
end

n
f numel(seldirs)>1
vescorr=[];
if subdi==
numcu=9; %again, this is because in the uphill analysis the 1st
one didn't have realnames(10)
else
numcu=10;
end
for ivesc=1l:numcu
vescorr(ivesc,l)=dirnumspots(8,ivesc,2)-
dirnumspots(8,ivesc,1l)*dirnumspots(1l,ivesc,2)/dirnumspots(1l,ivesc,1l);%this
takes into consideration on how many spots I clicked
vescorr(ivesc,2)=dirnumspots(9,ivesc,2)-
dirnumspots(9,ivesc,1l)*dirnumspots(1l,ivesc,2)/dirnumspots(1,ivesc,1l);%this
takes into consideration on how many spots I clicked
vescorr(ivesc, 3)=vescorr(ivesc,1l)/vescorr(ivesc,2)*100;
vescorr (ivesc,4)=vescorr(ivesc,3)/vescorr(1,3)*100;
end
end
if not(isempty(dirnumspots))
dirgenpool=dirnumspots;

dlmwrite( 'numspots autocut 0 10.txt',(cat(2,dirnumspots(:,:,1l),dirnumspots(:

r302))) ")

dlmwrite('tritcspots autocut 0 10.txt',(cat(2,tritcspots(:,:,1),tritcspots(:
1102)))");
dlmwrite( 'numspots autocut spotorder.txt',6realnames);
end
cd ..;
if numel(seldirs)>1
exi{subdi}=vescorr;
end
end

%% vesicle brightness histos

for vbi=l:numel(seldirs)
vb(:,vbi)=hist(fullcyfint{vbi},bins2)/numel(fullcyfint{vbi})*100;

end

mvb=mean(vb,2);

stdvb=std(vb,0,2)/realsgrt(numel (seldirs));

dlmwrite('vesicle brightness genpool.txt',cat(2,bins2',mvb,stdvb));
5553385855553 33%8555%5%5%3058555%5%%3%%%%5%5%%%3%%%%%5%5%%3%%%%%%5%%%%%%%%%%%
csoo

©0TT

%% change this so it handles variable numbers of experiments:

if numel(seldirs)>1

for ite=l:numel(realnames)
hoca3=[];hocad=[];
if ite<numel(realnames)
idiot=1l:numel(seldirs);
else
idiot=2:numel(seldirs);%again, this is because in the uphill
analysis the 1lst one didn't have realnames(10)
end
for ihc=idiot
hoca3=horzcat (hoca3,exi{ihc} (ite,3));
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hocad=horzcat (hoca4,exi{ihc} (ite,4));
end
aunum(ite,l)=mean(hoca3,2);
aunum(ite,3)=mean(hoca4,?2);
aunum(ite,2)=std(hoca3,0)/sqrt(numel(idiot)
aunum(ite,4)=std(hoca4,0)/sqrt(numel(idiot)
end

)i
)i

dlmwrite(strcat('immo autocut mean of
t'),aunum);

;num2str (numel(seldirs)),' genpool.tx

function
dirtritc=pH_findtritccyf tritcclick(seldirs,destinationfolder,subdirs,cutoff
,realnames, lobound, upbound,coflim)

disp(sprintf('\ncollecting data for recently endocytosed vesicles...'));
%get number and names of all folders so MatLab knows where to loop
bins=(-200:115:25000);
bins2=(-200:1500:100000);
corbins=(0:0.1:1);
duplicate=[];
for subdi=1:numel(seldirs)
cd (destinationfolder);
cd (seldirs{subdi});
dup=[1];
intcomat=[];
fulllabels=[];
fullhico(:,1)=bins’;
dirnumspots=[];
fullcyfint{subdi}=[1];
directories=[];
for id =1l:numel(subdirs{subdi})
noorg=not (isempty(strfind(subdirs{subdi}{id}, 'cyf 0"')));
if noorg==
continue
end
cd (subdirs{subdi}{id});
identifier=[];
for icheck=1:numel (realnames)
if not (isempty (strfind(subdirs{subdi}{id},realnames{icheck})))
identifier=icheck;
break
elseif icheck==numel (realnames) && isempty(identifier)
disp ('help me out here');
keyboard;
end
end
$prepare to concat the 2 syb stuff
if identifier==1 && not(isempty(strfind(subdirs{subdi}{id},'2 ")))
identifier=numel (realnames)+1;
dup{l}=dlmread ('tritc all fwhm.txt'); %2 syb fwhm
dup{2}=dlmread('tritc all intens coeff.txt'); %2 syb fullintco
dup{3}=dlmread('tritc all fitqual.txt');
dup{4}=dlmread('tritc all mean ccoeff.txt');
cd ..;
continue
else
%% find spots with mean fwhm between 2 and 7 pixels
fwhm=dlmread ('tritc all fwhm.txt');
fullintco=dlmread('tritc all intens coeff.txt');
fullmcoeff=dlmread('tritc all mean ccoeff.txt');
fitqual=dlmread( 'tritc all fitqual.txt');
if identifier==1 && not(isempty(dup))
fwhm=cat (1, fwhm,dup{1});
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and 7:

fullintco=cat(2,fullintco,dup{2});
fitqual=cat(2,fitqual,dup{3});
fullmcoeff=cat(2,fullmcoeff,dup{4});

end
numspot=numel (fwhm(:,1));
R L T ] $322%%%%%

% $%%%
$if you want all spots that have both

fwhm=fwhm';

$find the better fit for each spot and get the fwhm:

[bestfit index]=max(fitqual([2 5],:));

bestwidth=zeros(1l,numel(index));

for ibes=1:numel (index)
bestwidth(ibes)=fwhm(index(ibes)*3,ibes);

end

fwhm=fwhm(:, (bestfit>0.5 & bestwidth>=lobound &

bestwidth<=upbound)); % so now the fwhm only contains the ones with the

ind_ fwhm=find(bestfit>0.5 & bestwidth>=lobound &

bestwidth<=upbound) ;
% better fit being between 2.11 and 7.38 pixels

histogram
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gt_fw=ind_fwhm;

gc_fw=ind_fwhm;

tc_fw=ind_fwhm;

5553388855553 3%%8%%%5%5%%3%%%%%%5%5%%3%%%%%5%5%3333%%%%%5%5%%%%%%
cgt=fullintco(7,gt_£fw);

cgc=fullintco(8,gc_=fw);

cte=fullintco(9,tc_£fw);

cmgt=fullintco(10,gt_£fw);

cmgc=fullintco(1l1l,gc_£fw);

cmtc=fullintco(1l2,tc_£fw);

Q

% now cut off the intensities with a cc below 0.9 and make a

tyyl=find(cgt>coflim);
idtyyl=gt_fw(tyyl);
tyy2=find(cgc>coflim);
idtyy2=gc_fw(tyy2);
tyy3=find(ctc>coflim);
idtyy3=tc_fw(tyy3);

tyzl=find(cmgt>coflim);
idtyzl=gt_fw(tyzl);
tyz2=find(cmgc>coflim);
idtyz2=gc_fw(tyz2);
tyz3=find(cmtc>coflim);
idtyz3=tc_fw(tyz3);

o0

if idorgs==

cutoff (identifier)=prctile(fullintco(6,idtyy2),95);

if cutoff(identifier)<2000 | isnan(cutoff(identifier))
cutoff (identifier)=2000;

elseif cutoff(identifier)>4500
cutoff (identifier)=4500;

end

o0 o0 o° o° o° o

end

o0

o0

$% concat the syb and 2 syb samples:
if identifier==11

o0 0P o

dup{l,idorgs}=idtyyl;
dup{2,idorgs}=idtyy2;
dup{3,idorgs}=idtyy3;
dup{4,idorgs}=idtyzl;
dup{5,idorgs}=idtyz2;
dup{6,idorgs}=idtyz3;
dup{7,idorgs}=cutoff(identifier);
dup{8,idorgs}=cfit;

00 0P 0P o o0 o oP



% else
% if identifier==1 & subdi==1 % not (isempty(duplicate))
% idtyyl=cat(2,idtyyl,dup{1l,idorgs});
% idtyy2=cat(2,idtyy2,dup{2,idorgs});
% idtyy3=cat(2,idtyy3,dup{3,idorgs});
% idtyzl=cat(2,idtyzl,dup{4,idorgs});
% idtyz2=cat(2,idtyz2,dup{5,idorgs});
% idtyz3=cat(2,idtyz3,dup{6,idorgs});
% if idorgs==
%
cutoff (identifier)=mean(cutoff(identifier),dup{7,idorgs});
% end
%
% end

cutc=find(fullintco(6,:)>cutoff(identifier,subdi));%find(fullintco(6,:)); %

idtyyl=intersect(idtyyl,cutc);
idtyy2=intersect(idtyy2,cutc);
idtyy3=intersect(idtyy3,cutc);

idtyzl=intersect(idtyzl,cutc);
idtyz2=intersect(idtyz2,cutc);
idtyz3=intersect(idtyz3,cutc);

cyfs=intersect(tc_fw,cutc);

$find gtc etc.
%% remember to change back (16.12.08) (20.01.2009 OK)
id_gtc=intersect(intersect(idtyyl, idtyy2),idtyy3);

%%

%
id gtc=union(intersect(idtyyl,idtyy3),intersect(idtyy2,idtyy3)); %these are
the ones that have SV marker, prot of interest and tritc

% gc_no_ t=setdiff(idtyy2,union(idtyyl,idtyy3)); %these are
the ones that have SV marker + prot of interest but NO tritc
% cyf no t=setdiff(cyfs,idtyy3); %these are all cyfs w/o

tritc label

save('tritc analyzedspots','id gtc', 'idtyy3', 'fullintco');
%%
gnow get me the intensities in green of the spots:
if noorg==
myb=-250:225:7500;

myint=fullintco(4,id_gtc);
myh=hist (myint,myb);
myh=myh/numel (myint)*100;
myhc=makeCumHist (myh');
myh2 =hist(fullintco(4,:),myb);
myh2=myh2/numel(fullintco(4,:))*100;
myhc2=makeCumHist (myh2');
dlmwrite('tritc gr red int colo.txt',horzcat(myb',myh',myhc));
dlmwrite('tritc gr red int all.txt',horzcat(myb',myh2',myhc2));
end
cyffll=[];
cyffl1(1,:)=fullintco(6,idtyy3);
fullcyfint{subdi}=cat(2,fullcyfint{subdi},cyffll);

5555338553553 8885355055333 338%%%%%%%

oe
oe
oo
oe
oo
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dirnumspots(1l,identifier)=numspot;
dirnumspots(2,identifier)=numel (idtyyl);
dirnumspots(3,identifier)=numel (idtyy2);
dirnumspots(4,identifier)=numel(idtyy3);
dirnumspots(5,identifier)=numel (idtyzl);
dirnumspots(6,identifier)=numel (idtyz2);
dirnumspots(7,identifier)=numel(idtyz3);
dirnumspots(8,identifier)=numel(id_gtc); %number of spots that
have SV marker + prot of interest and tritc
dirnumspots(9,identifier)=numel(idtyy3); %total number of
vesicles

ccgtl=fullintco(7,1idtyy3);
ccgcl=fullintco(8,idtyy3);
cctcl=fullintco(9,idtyy3);
[gtl]=hist(ccgtl,corbins);%/numel(cyfs)*100;
[gcl]=hist(ccgcl,corbins);%/numel (cyfs)*100;
[tcl]=hist(cctcl,corbins);%/numel(cyfs)*100;
dlmwrite(strcat('tritc ',realnames{identifier},' 10',' cchisto.txt'),cat(2,c
orbins',gtl',gcl',tcl'));

end
%% resume parent
cd ..;

end

if numel(seldirs)>1
vescorr=[];
if subdi==
numcu=9;%again, this is because in the uphill analysis the 1lst
one didn't have realnames(10)
else
numcu=10;
end
for ivesc=1l:numcu
vescorr(ivesc,l)=dirnumspots(8,ivesc);%-
dirnumspots(8,ivesc,1l)*dirnumspots(1l,ivesc,2)/dirnumspots(1l,ivesc,1);%this
takes into consideration on how many spots I clicked
vescorr(ivesc,2)=dirnumspots(9,ivesc);%-
dirnumspots(9,ivesc,1l)*dirnumspots(1l,ivesc,2)/dirnumspots(1l,ivesc,1);%this
takes into consideration on how many spots I clicked
vescorr(ivesc, 3)=vescorr(ivesc,1l)/vescorr(ivesc,2)*100;
vescorr(ivesc,4)=vescorr(ivesc,3)/vescorr(1,3)*100;
end
end
if not(isempty(dirnumspots))
dirtritc=dirnumspots;
dlmwrite('tritc numspots autocut 0 10.txt',dirnumspots');
dlmwrite('tritc numspots autocut spotorder.txt',realnames);
end
cd ..;
if numel(seldirs)>1
exi{subdi}=vescorr;
end
end
%% vesicle brightness histos
for vbi=l:numel(seldirs)
vb(:,vbi)=hist(fullcyfint{vbi},bins2)/numel(fullcyfint{vbi})*100;
end
mvb=mean(vb,2);
stdvb=std(vb,0,2)/realsgrt(numel (seldirs));
dlmwrite('vesicle brightness tritcclick.txt',cat(2,bins2',mvb,stdvb));
%% change this so it handles variable numbers of experiments:
if numel(seldirs)>1
for ite=l:numel(realnames)
hoca3=[];hocad=[];
if ite<numel(realnames)
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idiot=1l:numel (seldirs);
else
idiot=2:numel(seldirs);%again, this is because in the uphill
analysis the 1lst one didn't have realnames(10)
end
for ihc=idiot
hoca3=horzcat (hoca3,exi{ihc} (ite, 3)
hocad=horzcat (hoca4,exi{ihc} (ite,4)
end
aunum(ite,l)=mean(hoca3,2);
aunum(ite,3)=mean(hoca4,?2);
aunum(ite,2)=std(hoca3,0)/sqrt(numel(idiot)
aunum(ite,4)=std(hoca4,0)/sqrt(numel(idiot)

)i
)i

)i
)i
end

dlmwrite(strcat('tritc immo autocut mean of ',num2str(numel(seldirs)),’' trit
cclick.txt'),aunum);
end
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