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| SuUmMMary

Accurate information transfer between neurons governs proper brain function. At
chemical synapses, communication is mediated via neurotransmitter release from
specialized presynaptic intercellular contact sites, so called active zones. Their
molecular composition constitutes a precisely arranged framework that sets the stage for

synaptic communication.

Active zones contain a variety of proteins that deliver the speed, accuracy and plasticity
inherent to neurotransmission. Though, how the molecular arrangement of these
proteins influences active zone output is still ambiguous. Elucidating the nanoscopic
organization of AZs has been hindered by the diffraction-limited resolution of
conventional light microscopy, which is insufficient to resolve the active zone
architecture on the nanometer scale. Recently, super-resolution techniques entered the
field of neuroscience, which yield the capacity to bridge the gap in resolution between
light and electron microscopy without losing molecular specificity. Here, localization
microscopy methods are of special interest, as they can potentially deliver quantitative
information about molecular distributions, even giving absolute numbers of proteins

present within cellular nanodomains.

This thesis puts forward an approach based on conventional immunohistochemistry to
quantify endogenous protein organizations in situ by employing direct stochastic optical
reconstruction microscopy (dSTORM). Focussing on Bruchpilot (Brp) as a major
component of Drosophila active zones, the results show that the cytomatrix at the active
zone is composed of units, which comprise on average ~137 Brp molecules, most of
which are arranged in approximately 15 heptameric clusters. To test for a quantitative
relationship between active zone ultrastructure and synaptic output, Drosophila mutants
and electrophysiology were employed. The findings indicate that the precise spatial
arrangement of Brp reflects properties of short-term plasticity and distinguishes distinct
mechanistic causes of synaptic depression. Moreover, functional diversification could
be connected to a heretofore unrecognized ultrastructural gradient along a Drosophila

motor neuron.



| Zusammenfassung

Kommunikation zwischen Nervenzellen ist von grundlegender Bedeutung fiir die
Hirnfunktion. An chemischen Synapsen findet diese an hoch spezialisierten
interzelluldren Kontaktstellen statt, den aktiven Zonen, welche die Voraussetzung fiir
priazise Neurotransmission schaffen und somit die synaptische Kommunikation

gewahrleisten.

In aktiven Zonen befindet sich eine Vielzahl von Proteinen dicht gepackt, die
Geschwindigkeit, Genauigkeit und Plastizitdt der Signaltransduktion vermitteln. Bisher
ist es jedoch unklar, in welcher Weise die molekularen Organisationsprinzipien dieser
Proteine die Funktion der aktiven Zone beeinflussen. Teilweise ist dies dem
Auflosungsvermogen konventioneller Lichtmikroskopie geschuldet, das nicht ausreicht
um die Architektur der aktiven Zone im Nanometer Bereich aufzukliaren. Unléngst
jedoch haben neue Methoden der hochaufgeldsten Fluoreszenzmikroskopie ihren Weg
in die Neurowissenschaften gefunden. Diese sind in der Lage die Liicke zwischen
optischer Lichtmikroskopie und Elektronenmikroskopie zu schlieBen, ohne die Identitét
der Proteinspezies aus den Augen zu verlieren. Besonderes Interesse kommt hierbei
sogenannten Lokalisationsmikroskopie Techniken zu. Diese konnen neben der
Darstellung molekularer Organisationen im Idealfall sogar quantitative Informationen

uber die absolute Anzahl bestimmter Molekiile in subzelluldren Bereichen liefern.

In der vorliegenden Arbeit wurde eine Methode entwickelt, die auf klassischer
Immunohistochemie beruht und dSTORM (direct stochastic optical reconstruction
microscopy) nutzt, um die endogene Proteinorganisation in situ zu quantifizieren.
Fokussierend auf Brp (Bruchpilot), einem Protein an der aktiven Zone von Drosophila
melanogaster, zeigen die Ergebnisse, dass die Zytomatrix an der aktiven Zone modular
aufgebaut ist, wobei jedes Modul ~137 Brp Molekiile umfasst. Diese sind zum GroBteil
in etwa 15 Gruppen mit je 7 Untereinheiten angeordnet. Um auf einen quantitativen
Zusammenhang zwischen der Ultrastruktur der aktiven Zone und ihrer Funktion zu
schlieBen, wurden Drosophila Mutanten eingesetzt und mittels Elektrophysiologie
funktionell untersucht. Die Ergebnisse veranschaulichen, dass sich spezifische

Eigenschaften von Kurzzeitplastizitit in der prézisen Anordnung von Brp



widerspiegeln, was Riickschliisse auf verschiedene Urspriinge synaptischer Depression
zuldsst. Dariiber hinaus beschrieben dSTORM Experimente erstmals, dass ein
funktioneller Gradient entlang des Motoneurons mit der graduellen Verdnderung der

Anzahl von Bruchpilotmolekiilen pro aktive Zone korreliert.



2. INtroduction

2 INtroduction

2.1 Chemical synapses

Synapses are specialized intercellular contact sites that mediate fast and precise
communication between neurons to ensure proper brain function. When ‘synapses’ were
first mentioned by Charles Sherrington in 1897 and characterized histologically by
Ramoén y Cajal (Ramoén y Cajal, 1894) the nature of neuronal communication was
discussed controversially. Initially, it was assumed that all synapses communicate via
electrical signalling. This ‘fast” mode of neurotransmission is mediated by the flow of

electrical current directly from the pre- to the postsynaptic cell.

In the 1920s, however, Otto Loewi discovered the ‘Vagusstoft’, thus providing the first
description of a chemical compound that acts as a neurotransmitter and the first
verification of chemical neurotransmission (Loewi, 1921). Chemical synapses rely on
presynaptic release and postsynaptic detection of neurotransmitter molecules. Besides
signal amplification, this allows synapses to act as small computational units (Siidhof,
2012) that are able to modify signals in an activity-dependent manner, thereby
influencing synaptic strength. The basic idea that learning results from changes in
synaptic strength was already proposed by Ramoén y Cajal and incorporated further into
more refined models by Donald Hebb (Hebb, 1949). The modulation of synaptic
elements based on activity is known as ‘synaptic plasticity’ and was recognized early as
an essential component of learning and memory, which motivated detailed studies in
both the invertebrate system (Kandel, 1976, 2001) and the mammalian hippocampus
(Bliss and Lemo, 1973; Bliss and Collingridge, 1993). Subsequently, synaptic plasticity
has been assigned to presynaptic changes in the effectiveness of neurotransmitter
release or to postsynaptic changes in biophysical receptor properties (Choquet and

Triller, 2013).

Communication at chemical synapses is driven by the depolarization-induced opening
of calcium (Ca®") channels, which triggers transmitter-laden synaptic vesicles (SVs) to

fuse with the presynaptic membrane and to release their cargo into the synaptic cleft.
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Following this, specific postsynaptic receptor ion channels activate and enable current

flow to convey the neuronal signal.

This work focuses on presynaptic elements of neurotransmission, in particular on the
active zone (AZ), the site of neurotransmitter release, which is an integral part of the

complex molecular framework that modulates synaptic transmission.

2.1.1 The presynaptic active zone

2.1.1.1 Structural organization of active zones

The fusion of SVs with the presynaptic plasma membrane to subsequently release their

neurotransmitter is controlled in a spatially and temporally highly precise manner.

Spatially, SVs dock and fuse at a specialized area, called the ‘active zone’ (Couteaux
and Pécot-Dechavassine, 1970). AZs with their associated cytomatrix (CAZ), a complex
meshwork of distinct proteins, build the stage for synaptic neurotransmission and
exhibit characteristic structural features that are conserved in a variety of organisms
[Figure 1; (Zhai and Bellen, 2004)]. First, when viewed by electron microscopy (EM),
the CAZ appears electron dense, indicating its proteinaceous composition. Second, SVs
tether, dock and fuse at AZs (Heuser and Reese, 1973) and third, AZs are precisely
aligned with the postsynaptic density that houses receptors to receive neurotransmitter
signals. EM studies in mammalian central nervous systems showed that the CAZ is a
web-like pattern, consisting of ‘pyramidally-shaped particles’, that reach approximately
50 nm into the cytoplasm (Bloom and Aghajanian, 1968; Pfenninger et al., 1972; Landis
et al., 1988; Phillips et al., 2001; Zhai and Bellen, 2004). Likewise, the first 3D-
structural description of the CAZ at frog neuromuscular junctions (NMJs) was provided
by employing electron tomography (Harlow et al., 2001). Here, the CAZ is composed of
an array-like structure with ‘beams’ and ‘ribs’ that connect SVs, whereas ‘pegs’ are
supposed to represent putative Ca>" channels that are perfectly aligned to mediate the

release of a SV.

Additionally, some AZs possess dense projections that reach from the CAZ into the
cytoplasm and are surrounded by SVs. Such dense projections can be rather small as in

the mammalian CNS (Phillips et al., 2001), medium sized, such as the Drosophila T-bar
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(Atwood et al., 1993), or prominent structures like ribbon synapses, which can be found
in the vertebrate sensory system (Lenzi and von Gersdorff, 2001). Despite intensive
research it is not clear why they come in a variety of shapes and sizes, which differ
tremendously among organisms (Figure 1). However, it is supposed that large dense
projections can tether more SVs to ensure sufficient and rapid vesicle delivery to the AZ

(Zhai and Bellen, 2004).

Figure 1 AZ ultrastructures. (a-c) Schematics of AZ structures in various organisms (upper
panel) with corresponding electron micrographs (lower panel). Modified from Zhai and Bellen,
2004. (a) Synaptic terminal of the mammalian CNS shows the dense projection as part of the
presynaptic particle web. Modified from Phillips et al., 2001. (b) Ribbon synapse of the frog
inner ear hair cell. Arrow depicts the presynaptic dense projection, surrounded by SVs
(arrowhead). From Lenzi and von Gersdorff, 2001. (¢) T-bar at AZs of Drosophila
melanogaster with tethered SVs. From Hallermann et al., 2010c. Scale bars: (a) 100 nm, (b) 200
nm, (¢) 100 nm.

Temporally, the release of SVs is extremely fast, in that the delay between presynaptic
Ca”" influx and postsynaptic depolarization can be less than a millisecond (Borst and
Sakmann, 1996; Sabatini and Regehr, 1996; Geiger and Jonas, 2000). The detailed
mechanisms underlying such a brief delay are not completely understood, but a crucial
component that might assure high-speed transmission is the tight packing of

participating molecules (Eggermann et al., 2012). In fact, ultrastructural studies
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employing electron tomography at the frog NMJ suggested a distance of ~20 nm
between Ca®'-channels and SVs (Harlow et al., 2001). Similarly, functional analysis of
squid giant synapses and ciliary ganglion calyx synapses of the chick indicated
nanometer-coupling [‘nanodomain’; < 100 nm (Eggermann et al., 2012); Figure 2a]
between Ca”" source and Ca®" sensor (Adler et al., 1991; Stanley, 1997). In the last
years, a number of mammalian central synapses were made experimentally accessible
and provide evidence for a looser coupling between SVs and Ca”" channels, known as
‘microdomain’ coupling [> 100 nm; Figure 2b; (Borst and Sakmann, 1996; Ohana and
Sakmann, 1998; Rozov et al., 2001; Meinrenken et al., 2002; Fedchyshyn and Wang,
2005; Vyleta and Jonas, 2014).

a Nanodomain coupling b Microdomain coupling

°°9
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SV = synaptic vesicle  83= closed Ca? channel 88 = open Ca?* channel
‘ = nanodomain near an open Ca?* channel = elevated background Ca?

Figure 2 Schematics of nanodomain and microdomain coupling at a single vesicle release
site. (a) Nanodomain coupling occurs when the fusion of a SV is triggered by the local flux of
Ca”" through one or a very small number of open Ca>" channel(s). (b) Microdomain coupling
occurs when SV fusion is triggered by Ca*" flux through a number of open Ca®>" channels that
could lead to an elevation of background Ca® concentration within the AZ. Not to scale,
modified from Tarr et al., 2013.

Valuable quantitative information on both coupling regimes has been obtained by
employing electrophysiology, modelling, Ca*"-imaging and Ca*"-uncaging (Bollmann
et al., 2000; Schneggenburger and Neher, 2005; Sun et al., 2007; Eggermann et al.,
2012). However, there appears to be no general map of SV and Ca*" channel

arrangements at the AZ [e.g. (Meinrenken et al., 2002)].
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The underlying mechanisms that lead to nanodomain or microdomain coupling are still
unclear and interpretations are complicated by results reporting developmental
modulations, pathway-specific use and dynamic regulations of coupling modes that

contribute to distinct forms of presynaptic plasticity (Eggermann et al., 2012).

Originally based on evidence from analyses at the frog NMJ, an interesting hypothesis
for synapse reliability in various model systems was proposed recently. Here, the basic
building block is an unreliable single vesicle release site that utilizes nanodomain
coupling to trigger vesicle fusion (Figure 2a). Consequently, low release probability
synapses can be designed by employing a small number of such building blocks within
a few AZs whereas large and reliable synapses are constructed using plenty of
unreliable single vesicle release sites within hundreds of AZs (Tarr et al., 2013). Thus,
varying AZ size as well as the number and spatial distribution of unreliable single
vesicle release sites could influence synaptic properties. Single vesicle release sites
themselves have been proposed to be built from pre-assembled AZ proteins that arrive
via AZ precursor vesicles (Zhai et al., 2001; Sorra et al., 2006). After insertion into the
plasma membrane, association with Ca®" channels is regulated in a biochemical manner,
leading to nano- or microdomain coupling. When synapses mature, coupling modes
could be modified [e.g. immature and mature Calyx of Held; (Fedchyshyn and Wang,
2005)] via protein-protein interactions between release site proteins and Ca>" channels
[e.g. (Han et al., 2011; Kaeser et al., 2011)] or variation in phosphorylation states that

influence Ca*" channel properties [see (Tarr et al., 2013)].

2.1.1.2 Molecular composition of active zones

The underlying protein composition of AZs sets the basis for efficient and accurate
neurotransmission (Rosenmund, 2003). This includes the organization of SV pools,
tethering, docking and priming of SVs, the coupling of endo- and exocytotic
machineries and the positioning of Ca*" channels relative to SV docking sites
(Gundelfinger and Fejtova, 2012). Hence, a variety of proteins act together, whose
molecular identities have recently been reviewed thoroughly [e.g. (Siidhof, 2004; Jahn

and Fasshauer, 2012; Stidhof, 2012)].
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The core of the AZ is made up of five conserved proteins, namely RIM (Rab3-
interacting molecule), RIM binding protein (RBP/RIM-BP), Muncl3 [mammalian
homologue of the nematode C. elegans Uncl3 (uncoordinated) protein], Liprin-a and
the CAZ-associated structural protein [(CAST/ERC/ELKS); Figure 3]. Intriguingly,
expression of these core proteins is not restricted to AZs but can also be found in non-
neuronal (ELKS and Liprin-a), neuroendocrine or other secretory cells [RIM, Munc13
and RIM-BP; (Siidhof, 2012)]. Additionally, Bassoon and its structurally related
homolog Piccolo/Aczonin are associated with vertebrate AZs (tom Dieck et al., 1998;
Fenster et al., 2000; Limbach et al., 2011) and are supposed to serve as scaffolds for the
assembly of dense projections or the whole presynaptic particle web (Limbach et al.,
2011). Furthermore, proteins related to Syd-1 (synapse defective-1) could be identified
to play an important role in assembling invertebrate AZs (Owald et al., 2010). As part
of the vesicle fusion machinery, SNARE (soluble N-ethylmaleimide-sensitive factor
attachment receptor)-proteins like Syntaxin and SNAP-25 and the SM (Secl/Muncl8-

like)-protein Munc18 are distributed in the plasma membrane (Figure 3).

inactive s
Munc13 + synaptic
homodimer vesicle

Piccolo/Bassoon
CASK/Mint1/Velis

Neurexins \\

y

a-Liprins

gSNAP-%
Complexin

Syntaxin

(] N
© o ° s ® o o Ca*-channel o °°°° b °© ,°

[+
synaptic cleft o © °n e ®°. % o 0_‘3032’ © o . .59 o0

Figure 3 Key players at the presynaptic AZ. Schematic shows part of a SV (top right) and the
presynaptic plasma membrane (grey) with essential proteins for SV release. Left and middle
part depicts the AZ core protein complex, which consists of RIM, RBP, Munc13, Liprin-a and
the CAZ-associated protein CAST/ERC/ELKS in addition to an AZ Ca®" channel. The indicated
interaction between RIM and vesicular Rab3/27 is thought to dock SVs, while RIM mediated
Munc13 activation leads to SV priming. The core fusion machinery, comprising the SNARE
proteins and Munc18 as well as Complexin is shown on the right. Adapted from Siidhof, 2012.
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Syntaxin and SNAP-25 associate with the vesicular SNARE protein Synaptobrevin to
form a helical coiled coil complex that brings the SV membrane and the presynaptic
plasma membrane in close proximity. Muncl8, which is connected to Syntaxin
throughout SNARE complex assembly and disassembly, alters its conformation as a
consequence of SNARE association to interact with the SNARE complex (Dulubova et
al., 2007). Subsequent vesicle fusion and neurotransmitter release leave the SNARE/SM
complex in the plasma membrane. For repeated fusion cycles, this complex has to be
disassembled by NSF (N-ethylmaleimide-sensitive factor,) and SNAPs [soluble NSF
attachment proteins; (Wojcik and Brose, 2007; Jahn and Fasshauer, 2012; Siidhof,
2013)]. Key regulators of such SNARE-mediated vesicle fusions are Munc18, Munc13,
Synaptotagmin and Complexin. All of these proteins participate in excitation-secretion
coupling: the transduction of an electrical signal into neurotransmitter release following
neuronal depolarization (Schneggenburger and Neher, 2005; Wojcik and Brose, 2007).
Vesicle docking, priming, Ca®" triggering and vesicle fusion make up the four steps that
are necessary for fast and precise excitation-secretion coupling (Wojcik and Brose,
2007). A popular model describes vesicle docking as the attachment of SVs to the
presynaptic plasma membrane where they maturate to become fusion competent
(priming), which establishes an RRP (readily releasable pool) of SVs that can be
released rapidly following Ca”" flux into the cell (Siidhof, 2013).

Docking and priming of SVs as well as the recruitment of Ca>* channels at mammalian
AZs is attained by a large protein complex consisting of RIM, RBP and Muncl3
(Kaeser et al., 2011; Siidhof, 2013). The interaction of RIM with the small vesicular
GTP (guanosine triphosphate)-binding proteins Rab3 and Rab27 docks SVs (Gracheva
et al., 2008; Han et al., 2011; Kaeser et al., 2011; Fernandez-Busnadiego et al., 2013),
while RIM mediated Munc13 activation leads to SV priming via SNARE complex
assembly (Brose et al., 1995; Augustin et al., 1999; Betz et al., 2001; Richmond et al.,
2001; Deng et al., 2011; Ma et al., 2013). To immediately react on alterations in AZ
Ca”" concentrations, SVs and Ca®" channels are tightly associated. This close proximity
is established by the interaction of RIM and RBP that co-operate to recruit Ca’"
channels to sites of vesicle fusion (Hibino et al., 2002; Han et al., 2011; Kaeser et al.,
2011; Liu et al., 2011). To finally induce SV fusion Synaptotagmin and Complexin are

necessary, which convey the presynaptic Ca®" signal. Their precise functions however,

10
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remain enigmatic, since both proteins hold clamping as well as activation properties
(Geppert et al., 1994; McMahon et al., 1995; Neher, 2010a; Siidhof, 2013). Moreover,
technical challenges in assessing the distinct steps preceding vesicle fusion have
hindered clarification of their underlying molecular processes. Recently, a study
employed cryofixation and three-dimensional electron tomography to investigate
molecular and morphological characteristics of vesicle docking and priming with high
precision under almost native conditions. Interestingly, the authors found conserved
tethering and docking mechanisms and that SV docking, priming and SNARE-assembly
are morphological, functional and molecular appearances of the same process, which

follows SV tethering (Imig et al., 2014).

As mentioned above, ultrafast neurotransmission in response to neuronal depolarization
can only be achieved when docked and primed SVs reside near AZ Ca*" channels. In
addition to the ‘molecular priming’ hypothesis, a different theory, known as ‘positional
priming’, also provides an explanation for tight coupling between SVs and Ca*"
channels (Wadel et al., 2007; Neher and Sakaba, 2008). According to this, SVs located
further away from AZ Ca®" channels would be released reluctantly since they would not
sense nanodomain Ca®" concentrations (Neher and Sakaba, 2008). The hypothesis was
tested by employing caged Ca”" stimulation to measure the intrinsic Ca®" sensitivity of
SVs that remained after depletion of the RRP. Interestingly, these reluctantly released
vesicles are nearly as sensitive towards Ca”" as the rapidly released ones, suggesting a
longer distance to the next Ca®" channel (Wadel et al., 2007). However, it should be
noted that also heterogeneity in intrinsic Ca®" sensitivity may well play a role in the
kinetics of SV release (Wolfel et al., 2007). Recently, it was demonstrated that reluctant
SVs can be transformed into fast-releasing ones by changing their position to AZ Ca*"
channels, which strengthens the hypothesis of ‘positional priming’ (Lee et al., 2012).
Originally thought to predominantly take part in asynchronous release (Sakaba, 2006),
this finding assigns a role to reluctant SVs in synchronous release via an actin-
dependent mechanism that recruits reluctant SVs into a fast-releasing vesicle pool to
prevent short-term synaptic depression (Lee et al., 2012). Furthermore, a follow up
study could show that newly recruited vesicles can only respond at full speed to a Ca®"
stimulus after so-called ‘superpriming’, which increases the Ca*" sensitivity of primed

SVs to ensure full release competence. In contrast to “positional priming’, this process

11
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is supposed to be actin-independent and rather regulated by modulation of Muncl3
function. Therefore, ‘superpriming’ presents an additional step in refilling the fast-
releasing vesicle pool (Lee et al., 2013). Although controversially discussed, it is
assumed that ‘molecular’ as well as ‘positional’ priming determine the kinetics of

neurotransmission (Wadel et al., 2007; Walfel et al., 2007; Neher and Sakaba, 2008).

2.1.1.3 Functional determinants of neurotransmitter release

Derived from the hypothesis that neurotransmitters are released in “quantal units” (Del
Castillo and Katz, 1954), it is understood that synaptic strength can be described by N,
the number of fusion competent SVs (readily-releasable vesicles, RRVs), p,,, their
probability of exocytosis and ¢, usually taken to reflect postsynaptic sensitivity. This
conceptual framework plays an important role in explaining synaptic function and
plasticity (Zucker and Regehr, 2002) and identifies N and p,, as major functional

determinants of the presynapse.

Functional readouts of N can be achieved through electrophysiological measurements,
employing high-frequency electrical stimulation or fluctuation analysis of synaptic
responses (Clements and Silver, 2000). Results obtained by either approach must,
however, be interpreted carefully as additional factors complicate the analysis (Sakaba
et al.,, 2002; Scheuss et al., 2002; Hosoi et al., 2007; Hallermann et al., 2010b).
Hypertonic sucrose stimulation can be used as another technique to approximate N (Fatt
and Katz, 1952; Rosenmund and Stevens, 1996). However, being independent of Ca®'-
triggered fusion, it remains uncertain whether hypertonically released vesicles are
generally also readily released under physiological conditions (Moulder and Mennerick,

2005).

Alternatively, N can be defined as the number of release sites, in which case p,, denotes
the probability that a vesicle will fuse at a given site (Schneggenburger et al., 2002).
Nerve terminals vary greatly in size and correspondingly contain between one [e.g. at
certain cortical synapses; (Xu-Friedman et al., 2001)] and many hundred AZs [e.g. at
the Calyx of Held; (Satzler et al., 2002)]. It is therefore helpful to view the AZ as a
fundamental unit of presynaptic function (Alabi and Tsien, 2012). That said,
morphology and function of AZs are highly heterogeneous (Zhai and Bellen, 2004),
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also varying within one and the same neuron (Atwood and Karunanithi, 2002; Peled and
Isacoff, 2011). Accordingly, functional approximations of p,, at central mammalian
synapses have reported both AZs operating with uniquantal release and AZs capable of
multivesicular release (Tong and Jahr, 1994; Auger et al., 1998; Silver et al., 2003). To
date, this next level of AZ organization has been difficult to study as specific molecular

markers or structural correlates of release sites remain uncertain.

Functional estimates of p,, can be obtained employing several methods that provide
relative or absolute values. These include electrophysiology-based approaches such as
paired-pulse stimulation or fluctuation analysis (Clements and Silver, 2000; Sakaba et
al., 2002; Zucker and Regehr, 2002) and dynamic optical readouts of exocytosis or
postsynaptic activation (Branco and Staras, 2009; Zhang et al., 2009; Peled and Isacoff,
2011; Marvin et al., 2013). Since p,, is highly Ca**-dependent, its value for a given SV
will be strongly influenced by the distance to voltage-gated Ca*" channels at the AZ
(Neher, 1998; Eggermann et al., 2012). Given their major significance for synaptic
transmission, detailed understanding of Ca®" channels and their spatial arrangement in
relation to SVs would be desirable to improve our mechanistic understanding of AZ

structure-function relationships.

2.2 Drosophila melanogaster

2.2.1 Background

Research on Drosophila melanogaster, commonly known as the fruit fly, has
substantially contributed to our understanding of neuroscience (Bellen et al., 2010).
Today, Drosophila is one of the most valuable organisms to study synapse physiology,

plasticity and development (Budnik and Ruiz-Canada, 2006; Frank et al., 2013).

One beneficial aspect of working with Drosophila is certainly the great variety of
sophisticated genetic tools, most of which trace back to detailed studies from 1910-1960
and have since been permanently developed further (Bellen et al., 2010). The
introduction of the bipartite UAS (upstream activating sequence)/Gal4 system, which

originally derives from yeast, and the related LexA/LexAop and Q systems (Lai and
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Lee, 2006; Potter et al., 2010) into Drosophila allows ectopic gene expression in almost
any cell or tissue of interest (Brand and Perrimon, 1993). Using these binary expression
systems, e.g. RNA interference as one strategy to reduce gene expression in distinct
cells can be accomplished with ease (Dietzl et al., 2007; Ni et al., 2009). Due to its
genetic accessibility gene addition or removal in Drosophila is comfortably possible,
using a random approach of insertion or chemical mutagenesis (Lewis and Bacher,
1968) respectively, or directed methods, which affect the locus of interest (Rong et al.,
2002; Bellen et al., 2004; Venken and Bellen, 2005). Additionally, the rapid generation
of transgenic flies is possible and thousands of fly lines exist that can easily be shared

within the scientific community (The FlyBase Consortium, 2003).

Viewed from a practical perspective, Drosophilae are small, easy to handle, have a
short life cycle and can be cost efficiently kept in large numbers. Usually, flies are
maintained in either small or large vials (Figure 4b) with homemade egg-laying medium

to serve adults and larvae with food.

Figure 4a depicts the life cycle of flies at 25°C. Following the deposition of fertilized
eggs (~ 0.5 mm long), larvae will hatch after one day to develop to first, second (lasting
1 day each) and third instar larvae (lasting 2 days). After the third larval stage, drastic
changes in morphology and physiology occur during pupation, which lead to tissue
replacement, derived from larval imaginal discs. Eclosion takes place on day 9. After

flies reach sexual maturity, the cycle begins anew.
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Figure 4 Drosophila melanogaster. (a) Life cycle of Drosophila melanogaster at 25°C.
Modified from Wolpert and Tickle, 2011. (b) Culture vials for Drosophila breeding with egg-
laying medium: small (34 ml) and large vial (174 ml).

2.2.2 Anatomy and physiology of the neuromuscular junction

The development of the embryonic Drosophila NMI typically starts 13 hours after egg
laying as soon as the innervating nerve contacts the muscle surface and ends when
neuronal processes reach their final positions and synaptic swellings, so called boutons
that harbour synapses are established (Saitoe et al., 1997; Budnik and Ruiz-Canada,
2006). During larval life, the muscle surface area increases 100-fold, which is
accompanied by considerable increase in motor neuron arborizations and terminals
(Keshishian et al., 1993) as well as an elevated synapse number per bouton (Schuster et

al., 1996) and a larger number of vesicles within individual boutons (Prokop, 1999).

The Drosophila neuromuscular system consists of approximately 400 striated muscle
fibers (Figure 5) each containing 10-20 nuclei that are arranged in a row on the surface
of the muscle (Jan and Jan, 1976a). In the present work, most investigations were
conducted on ventral longitudinal muscles (VLM) 6/7 in abdominal segments A2 and
A3 of third instar larvae. At this stage VLM 6/7 is 400pum long, 80um wide and 25um
thick (Jan and Jan, 1976a). Segmental nerves that originate from the ventral nerve cord

run down the periphery and approach the muscle on the ipsilateral side.
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Figure 5 Drosophila neuromuscular system. (a-c) Drosophila third instar larva. (b) Body-
wall preparation of a Drosophila larva with intact ventral nerve cord (arrowhead). The digestive
and other internal organs were removed. Box denotes VLM 6/7 in abdominal segment A2. (¢)
Enlarged region shows muscles stained Naggzainst phalloidin (grey) and presynaptic AZs

visualized via Bruchpilot staining (mAb Brp "~ ; green). Scale bars: (a,b) 500pm, (c) 10pum.

Drosophila muscles can be innervated by a maximum of three types of motor neurons
that form type I, II, or III endings on their target muscles. Type I motor neurons form
large boutons that are typically 1-5 um in diameter and contain the excitatory
neurotransmitter glutamate [Figure 6; (Jan and Jan, 1976b)], though two additional
peptidergic compounds have also been communicated (Anderson et al., 1988S;
Keshishian et al., 1993; Zhong and Pefia, 1995). Type II endings usually possess more
branches and can extend over a larger muscle area. Their boutons are smaller (~ 1 pm)
and use glutamate as well as octopamine for neurotransmission (Monastirioti et al.,
1995). Additionally, nerve endings exist that are almost deprived of glutamate
containing vesicles and include instead round dense core vesicles, which represent

peptidergic type-III endings and can be found on muscle 12 (Jia et al., 1993).

The Drosophila nerve muscle preparation (Figures 5, 6), which is commonly used for
electrophysiology, is thin, almost transparent and accessible to experimental
manipulations. Furthermore, in vivo imaging (Rasse et al., 2005), dye injection and

uptake experiments, immunohistochemistry, EM studies, even Ca’" imaging with
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synthetic (Macleod et al., 2002) or genetically expressed indicators (Peled and Isacoff,
2011) can be accomplished (Sullivan et al., 2000). Due to the highly stereotyped
structure of the Drosophila nerve muscle system, each muscle can be uniquely
distinguished based on its position. Hence, NMJs can be reliably identified and
quantitatively compared between individuals (Budnik and Ruiz-Canada, 2006).

The first to describe the physiology of larval Drosophila NMJs in detail were Jan and
Jan (Jan and Jan, 1976a). In combination with a study by Stewart et al., the basis for
electrophysiological measurements employing the Drosophila nerve muscle preparation

was established (Stewart et al., 1994).

VLMBS6 has a cell capacitance of 2000-5000 pF and a typical membrane resistance of 5-
10 MQ (Stewart et al., 1994). The resting membrane potential (V) is approximately
- 54 mV and neither sensitive to changes in pH (between 6.8 and 7.3) nor osmolarity
(between a relative tonicity of 0.88 and 1.12). V,, is dependent on external sodium and
potassium concentrations and follows the Goldman-Hodgkin-Katz equation with a
permeability coefficient of Pno/Px = 0.23. Furthermore, transmitter release is quantal
and dependent on the fourth power of external Ca>" (Jan and Jan, 1976a). Importantly,
the excitatory neurotransmitter at this NMJ is glutamate (Jan and Jan, 1976b).

VLM 6 and 7 are innervated by two type-I motor neurons [RP3 and MNG6/7b;
(Keshishian et al., 1993)]. Whereas RP3 contributes big boutons (Ib), MN6/7b gives
rise to small boutons (Is) on both muscles (Figure 6). In addition to these morphological
differences (Atwood et al., 1993), type Is boutons give rise to larger excitatory
junctional potentials that show less facilitation (Atwood et al., 1993; Kurdyak et al.,
1994). Hence, type Is boutons are believed to exhibit a higher p,, than type Ib. To
elucidate the structural components that underlie and influence this physiological

feature is highly interesting as can be seen later on.
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Figure 6 Synaptic structure of the Drosophila NMJ. (a) Confocal image of the glutamatergic
NMIJ stained against horseradish peroxidase (a-HRP) to label neuronal membranes. Arrowheads

denote Ib and Is boutons. (b) Boutons labelled with antibodies against Brp (a—Brp; mAb

Brp"“*; green) and the postsynaptic glutamate receptor subunit IID (a-GluRIID; magenta). (c)

Electron micrograph shows the ultrastructure of a bouton surrounded by the subsynaptic
reticulum (SSR). Arrowheads depict a synapse, which can be recognized by electron dense
membranes on the pre- and postsynaptic side. Arrow shows an AZ T-bar that reaches into the
cytoplasm. Electron micrograph provided by N.Scholz in collaboration with Brigitte Trost and
Christian Stigloher. Scale bars: (a) 10 um, (b) 2 um, (¢) 400 nm.

2.2.3 Active zones at neuromuscular junctions in Drosophila

2.2.3.1 Molecular composition and ultrastructure of the Drosophila AZ

This section focuses on key players of Drosophila AZs, part of which are main subjects

of this thesis.

A major role of Liprin-a in Drosophila (DLiprin-a) is to control synapse morphogenesis
at the NMJ (Kaufmann et al., 2002). Super-resolution imaging via STED (stimulated
emission depletion) microscopy revealed the localization of DLiprin-o at the rim of
presynaptic AZs, where it forms clusters [Figure 7d; (Fouquet et al., 2009)].
Interestingly, DLiprin-a seems to influence appropriate Brp localization, since DLiprin-

o mutants exhibit complex multi-T-bar AZs (Kaufmann et al., 2002) and atypically
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shaped Brp clusters (Fouquet et al., 2009). For correct localization of DLiprin-a,
Drosphila Syd-1 (Dsyd-1; synapse defective-1) is necessary (Owald et al., 2010).
DSyd-1, as well, was shown to reside at the rim of the AZ and to organize Brp
localization [Figure 7d; (Owald et al., 2010)]. Functionally, DSyd-1 mutant Drosophila
larvae possess fewer release sites, which is accompanied by decreased evoked synaptic
currents. In contrast to DLiprin-o that might solely function presynaptically DSyd-1
also regulates the accumulation of postsynaptic glutamate receptors trans-synaptically

(Owald et al., 2010).

RIM (Rab3 interacting molecule) is truly a multitalent at AZs as it can bind to a variety
of proteins including Liprin-a, Munc13, RBP and Ca®" channels. However, its role at
Drosophila AZs was only recently identified (Graf et al., 2012). Here, RIM increases
Ca”" channel density to ensure synaptic efficacy and regulates the size of the RRP (Graf
et al., 2012). In contrast to its role in mammals and C. elegans, where it interacts with
CAST/ERC/ELKS (Ohtsuka et al., 2002; Wang et al., 2002; Deken et al., 2005), RIM
does not seem to influence Brp, the Drosophila homolog of CAST/ERC/ELKS (Graf et
al., 2012).

Derived from experiments in cell culture, RBP conducts an important linker function at
AZs in connecting Ca®" channels to RIM, which itself contacts Rab3 on the SV.
Therefore, i1t was hypothesized that RBP might control the strength of
neurotransmission by linking the fusion machinery to AZ tethering mechanisms (Hibino
et al,, 2002). Consistent with its function in the mammalian system, analysis in
Drosophila confirmed the enrichment of RBP at presynaptic terminals, where it is
localized in close proximity to Brp, surrounding a field of AZ Ca®" channels [Figure 7d;
(Liu et al., 2011)]. Here, studies of RBP mutants showed atypically shaped electron-
dense material but no regular T-bar structures. Functionally, RBP mutants exhibit
strongly decreased excitatory postsynaptic currents with altered short-term synaptic
plasticity (STP) and a reduced quantal content (Liu et al., 2011). Moreover, synaptic
currents seem to be desynchronized from incoming stimuli, which fits well with the

previously identified role of RBP in localizing Ca®* channels.

The heart of the AZ is formed by Brp, a protein of roughly 200 kDa, which was initially

identified via mass spectrometry using an antibody derived from the Wiirzburg
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hybridoma bank that is a large collection of antibodies obtained from Drosophila head-
extracts (Hofbauer et al., 2009). Brp contains numerous coiled coil rich domains
especially in its C-terminal region (Wagh et al., 2006) and is an integral part of the
Drosophila T-bar (Kittel et al., 2006; Wagh et al., 2006; Fouquet et al., 2009). Derived
from EM analyses, T-bars exhibit an irregular shaped pedestal (80-240 nm width) with
a total height of ~ 50 nm from which extension arise approximately 150-170 nm into the

cell (Jiao et al., 2010; Matkovic et al., 2013).

Brp itself adopts an elongated polarized conformation within the CAZ reaching with its
C-terminus into the cytoplasm, while the N-terminal region is located in close proximity
to the presynaptic plasma membrane in the region of the T-bar core overlaying AZ Ca*"
channels [Figure 7b, d; (Fouquet et al., 2009; Maglione and Sigrist, 2013)].
Correspondingly, EM-tomography analysis reported so-called ‘legs’, which present
putative Ca®" channels that are attached to the pedestal, with a spacing of 20-25 nm
from each other [Figure 7b; (Jiao et al., 2010)]. In Brp null mutants (brp”™), synapses
are completely deprived of electron dense projections (Figure 7¢), confirming that Brp
is a direct component of the T-bar and display mislocalized Ca®" channels, clearly
indicating a role of Brp in AZ Ca®" channel clustering (Kittel et al., 2006). Application
of HPF (high-pressure freezing) to Drosophila AZs allowed visualizing the filamentous
ultrastructure of Brp’s C-terminal part (Fouquet et al., 2009), which, when seen en face
(optical axis perpendicular to the AZ membrane) in STED microscopy, builds up ring-
like structures forming discrete clusters [Figure 7a; (Kittel et al., 2006; Fouquet et al.,
Liu et al., 2011)]. Furthermore, the combination of HPF with EM-tomography (Figure
7b) demonstrated that the C-terminal filaments assemble to striated 10 nm thick
structures, suggesting that they are made of bundles of filaments. Moreover, this study
could show that two pools of SVs are associated with T-bars. One pool is linked to the
presynaptic membrane, while the other connects to SVs around the T-bar, indicating
that SVs loose their connection to other vesicles while they move closer to release sites
(Jiao et al., 2010). Relatedly, investigations on a C-terminally truncated version of Brp

nude

(brp™™) revealed a severe defect in the vesicle tethering capacity of T-bars (Figure 7c¢),
thereby showing that the last 17 C-terminal amino acids of Brp are necessary to attach
SVs (Hallermann et al., 2010c). By employing STED microscopy to map the

localization of Brp in relation to RBP it was shown that, while Brp contributes T-bar
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filaments, RBP surrounds the central core, most likely shaping the electron dense T-bar
pedestal [Figure 7d; (Liu et al.,, 2011; Maglione and Sigrist, 2013)]. Recently, the
application of super-resolution microscopy and EM to two major Brp isoforms, namely
Brp-190 and Brp-170, demonstrated that both are necessary for proper assembly of the
T-bar (Matkovic et al., 2013).

Confocal

h‘“ *1;‘.' P

Figure 7 Ultrastructural composition of the Drosophila AZ. (a) Immunostaining against the
C-terminal part of Brp in confocal (left) and corresponding STED microscopy (right; arrows:
single ring, arrowhead: double-ring). Taken from Kittel et al., 2006. (b) Electron tomography of
a T-bar shows the three main components: the central core (purple), extensions (green) and legs
(pink). Inset depicts a Brp filament that attaches a SV (blue) via small connections. Modified
from Jiao et al., 2010. (¢) EM of AZs (side view) reveals structural phenotypes of brp®
(complete loss of T-bar) and brp™% (naked T-bar). Taken from Fouquet et al., 2009 and
Hallermann et al., 2010c. (d) AZ model (seen en face). Adapted from Maglione and Sigrist,
2013. Scale bars: (a) 1 um, (c) 200 nm.

Beneath the prominent Drosophila T-bar, the Ca®" channel al-subunit cacophony can
be found (Figure 7d). Analysis of a temperature-sensitive mutation of cacophony
revealed a severe reduction in neurotransmitter release, indicating that cacophony
functions in neurotransmission (Kawasaki et al.,, 2000; Kuromi et al., 2004).
Surprisingly, the Drosophila locus for cacophony was first identified in a screen for

changes in courtship songs (von Schilcher, 1976, 1977) before it was found to encode a
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voltage gated Ca”" channel al subunit (Smith et al., 1996) and a primary presynaptic
Ca”" channel in Drosophila (Dellinger et al., 2000; Kawasaki et al., 2000, 2002). The
cacophony gene locus encodes a Ca’" channels that is most similar to vertebrate N- and
P/Q-type channels (Smith et al., 1996; Kawasaki et al., 2002; Rieckhof et al., 2003).
Besides its role in neurotransmission, cacophony was also suggested to play a major

role in the developmental regulation of neuronal excitability (Peng and Wu, 2007).

Rab3 is part of the SV cycle and belongs to a large family of GTP-binding proteins,
which control intracellular transport processes (Siidhof, 2004). Rab3 association and
dissociation to SVs is tightly linked to synaptic exo- and endocytosis. Connected to SVs
in its GTP-bound state, Rab3 undergoes hydrolization [GTP to GDP (guanosine
diphosphate)] directly with or after vesicle fusion. Furthermore, Rab3 interacts with
Rabphilin and RIMlo/2a to regulate neurotransmitter release (Siidhof, 2004). In
Drosophila the single Rab3 homolog was shown to be highly conserved and widely
expressed throughout the nervous system (Johnston et al., 1991; DiAntonio et al.,
1993). In 2009 Graf ef al. published a study that dealt with a mutation in Rab3, named
rab3"™ [rup stands for running-unapposed, (Graf et al., 2009)]. The mutation in the
rab3 locus derives from a genetic screen for AZ defects at the NMJ. Biochemical and
immunohistochemical investigations demonstrated that rab3™” behaves like a genetic
null or strong hypomorph (Graf et al., 2009). Structural analysis showed that
approximately 60% of GluR (glutamate receptor) clusters are not opposed to Brp
positive AZs. Additionally, the number of AZs is severely decreased, while the
remaining AZs are twofold larger. Further investigations revealed a high concentration
of cacophony Ca®" channels at remaining Brp positive AZs, while Brp negative AZs
exhibit less Ca®” channel immunofluorescence, suggesting a shift of AZ components to
a small fraction of Brp-positive AZs. The number and distribution of SVs, however,
seemed to be unaffected. In contrast to wildtype (wt) NMJs, where no or one T-bar is
mostly found at AZs, rab3™ NMJs showed a decrease in AZs containing one T-bar,
while AZs with multiple T-bars were observed more frequently. The results indicate a
function of Rab3 beyond its role in the SV cycle, namely in regulating and localizing

presynaptic components at AZs (Graf et al., 2009).
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2.2.3.2 Brp and Rab3 - Implications in synaptic plasticity

Synaptic plasticity can be described as a transient or persistent change in synaptic
strength or efficacy following use-dependent activity. Synaptic plasticity exhibits a huge
diversity, ranging from short to long periods of time, in which synaptic transmission can
be depressed or enhanced (Citri and Malenka, 2008). Here, I will briefly summarize
some of the major phenomena in synaptic plasticity and focus on the functional impact

of Brp and Rab3 on STP.

Most models of learning and memory storage are based on Hebbian plasticity in terms
of LTP (long-term potentiation) and LTD [long-term depression; (Abbott and Nelson,
2000)]. This is not surprising since there are several similarities between memory and
synaptic plasticity: rapid generation, strengthening and prolongation by repetition,

cooperativity, associativity and input specificity (Nicoll et al., 1988).

LTP was first discovered by Bliss and Lemo during their investigations on the rodent
hippocampus (Bliss and Lemo, 1973), where they observed a long-lasting strengthening
of all three major hippocampal pathways following high frequency stimulation. A very
popular model of LTP is NMDAR (N-methyl-D-aspartate receptor)-dependent LTP. In
contrast to AMPARs (o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
receptors) that contribute to most of the excitatory synaptic response when the cell is
near its resting potential, NMDARs exhibit a high voltage dependency, which is
attributed to a Mg”" block within the channel at negative values. Therefore, NMDARs
play a minor role during basal synaptic activity but can be activated when the cell is
depolarized by removal of Mg”" from its binding site. Once activated, NMDARs
conduct sodium as well as Ca®" ions. Especially the latter is associated with biochemical
processes that might lead to induction of LTP, if a critical postsynaptic Ca*"
concentration is reached [(Mayer et al., 1984; Nowak et al., 1984); for a more detailed
overview see (Citri and Malenka, 2008)]. In contrast, induction of LTD leads to
activity-dependent long-lasting weakening of synaptic contacts by repetitive low
frequency stimulation (Barrionuevo et al., 1980; Bear, 1999). Thus, these two processes
provide an option for a bidirectional modulation of synaptic strength. However, despite
intensive research, the detailed molecular mechanisms underlying long-term synaptic

plasticity have yet to be elucidated.
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STP is a change in synaptic strength lasting for milliseconds to minutes (Zucker and
Regehr, 2002). STP is thought to play a crucial role in the adaption to sensory inputs,
temporary behavioural changes and rapid modes of information storage (Citri and
Malenka, 2008). An enhancement of synaptic transmission is usually connected to the
accumulation of Ca”" in the presynaptic cell, known as the ‘residual Ca*" hypothesis’
[e.g. (Zucker and Regehr, 2002)]. In contrast, short-term synaptic depression is
commonly associated with a transient depletion of RRVs, which leads to a decrease in
the postsynaptic response (Zucker and Regehr, 2002). However, other mechanisms, e.g.
the inactivation of voltage-dependent sodium or Ca>” channels have also been proposed
(Citri and Malenka, 2008). A frequently used paradigm to measure STP is the
application of two stimuli with a very short interval, known as paired-pulse stimulation.
In such an experimental setup, the response to the second stimulus can either be
enhanced or depressed compared to the first one, reflecting synaptic facilitation or
depression (Katz and Miledi, 1968; Zucker and Regehr, 2002). A popular model
suggests that enhancement of synaptic responses is brought about by the summation of
residual Ca®" from the first stimulus and the newly invading Ca*" from the second one,
which leads to an increase in p,, and SV fusion (Katz and Miledi, 1968). Additionally,
other models explaining paired-pulse facilitation have been proposed, such as the ‘multi
site (X-receptor) mechanism’ and the ‘partial Ca’" buffer saturation mechanism’
(Burnashev and Rozov, 2005). The first one involves an additional Ca®" binding site
with high affinity and slow unbinding kinetics that functions together with the main
sensor of release (Atluri and Regehr, 1996). The second option describes the local
saturation of a fast endogenous Ca®" buffer, which would lead to a progressive increase
in free Ca®" around the release sensor (Klingauf and Neher, 1997; Blatow et al., 2003;
Felmy et al.,, 2003). Whether a synapse exhibits paired-pulse facilitation or not is
dependent on its activity-history and its p,,. Synapses with an initial high p,, will likely
show paired-pulse depression, while synapses starting with a lower p,, tend to facilitate

(Dobrunz and Stevens, 1997).

Brp is essential for structural and functional integrity of AZs. While the structural
component of Brp was already discussed (see chapter 2.2.3.1), I will now focus on Brp
function. Electrophysiological investigations showed that bp® as well as a panneurally

driven brp-RNAI (ribonucleic acid interference; Wagh et al., 2006) exhibit a significant
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decrease in evoked postsynaptic excitatory currents (eEPSCs) at low frequency
stimulation. In brp®” the amplitude of minis (miniature EPSCs), which reflects the
spontaneous fusion of one vesicle, was significantly increased. This leads to a reduction
in quantal content, indicating that the number of vesicles that get released per single
presynaptic action potential is severely affected in brp® (Kittel et al., 2006).
Additionally, the authors found a desynchronization of postsynaptic responses
following nerve stimulation, which suggests an altered spatiotemporal presynaptic Ca®"
influx, resulting from changes in the distance between Ca®" channels and SVs.
Consistently, paired-pulse experiments showed a strong facilitation in brp® and
application of the slow synthetic Ca®" chelator EGTA further decreased eEPSC
amplitudes, confirming the hypothesis that Brp functions in STP by clustering AZ Ca*"
channels. Additional investigations on a truncated Brp version, brp™“, led to a more

nude

complex picture of Brp function (Hallermann et al., 2010c). Brp™™* is a hypomorphic

brp allele that lacks the last 1% of the C-terminal amino acids of the protein. Though

nude

brp™? exhibits a severe defect in vesicle tethering capacity, Ca*" channel clustering and
gross Brp localization was unaffected. While functional recordings at low frequency
stimulation were unaltered, paired-pulse stimulation revealed a severe reduction of the
second eEPSC at short interstimulus intervals, resulting in significant synaptic
depression. Furthermore, high frequency stimulation at 60 Hz demonstrated a
pronounced depression with a decreased steady-state level. By investigating recovery

nude

after synaptic depression, brp"™" exhibits a significantly slower initial phase, illustrating

a role of Brp’s vesicle tethering function in STP.

Interestingly, a recently conducted study on two Brp isoforms could not find any effect
on STP by eliminating one isoform or the other (Matkovic et al., 2013). Moreover,
combining paired-pulse experiments, fluctuation analysis, high frequency stimulation
and modelling of STP, Weyersmiiller and co-workers could find an increase in the
amount of Brp during both life long and rapid presynaptic strengthening. This structural

feature was accompanied by an elevated number of RRVs (Weyhersmiiller et al., 2011).

Taken these results together creates a concept in which Brp performs a dual function of
clustering Ca®" channels and concentrating SVs at neuromuscular AZs (Kittel et al.,

2006; Hallermann et al., 2010c). By promoting excitation-secretion coupling, Brp
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supports efficient transmitter release and shapes synaptic plasticity (Hallermann et al.,
2010b; Weyhersmiiller et al., 2011). Moreover, Brp was also shown to participate in
certain forms of learning (Knapek et al., 2011).

Information on Rab3 influencing STP in Drosophila is provided by Graf and colleagues
(Graf et al., 2009). Here, electrophysiological measurements at low Ca”* concentrations
showed no change in eEPSC and mini amplitudes. Despite the apparent loss of Brp-
positive AZs (see chapter 2.2.3.1), unaltered evoked synaptic release can be maintained
at low frequency stimulation if the remaining sites of release possess a higher p,,.
Consistently, stimulation at 10 and 20 Hz revealed decreased synaptic facilitation
compared to controls. Moreover, through rescue experiments, it could be shown that
AZs are plastic in that altered protein distribution in rab3™” can be rapidly and
reversibly modified. Hereby, Rab3 increases the likelihood that Brp will cluster at an
AZ. Hence, the authors conclude that Rab3 might be involved in synapse-specific
plasticity by fast redistribution of Brp and associated CAZ constituents among

individual AZs to influence neurotransmitter release (Graf et al., 2009).

2.3 Microscopy

2.3.1 Optical light microscopy

Optical light microscopy, particularly fluorescence and laser scanning confocal
microscopy, permanently enjoys great popularity and a wide distribution in the life
sciences. Today, technical improvements in fluorescence microscopy, the discovery and
development of fluorescent proteins and progress in immunocytochemistry allow highly
specific labelling of a vast majority of biological samples, cellular structures, proteins or
genomic loci in vitro or in vivo, fixed or live (Conchello and Lichtman, 2005;
Schermelleh et al., 2010; Tennesen and Négerl, 2013). However, determined by the
wave-like nature of light, optical light microscopy is restricted in resolution to
approximately half the wavelength of light, typically 250-300 nm in the x and y
direction (Abbe, 1873). This limit is defined by diffraction and represents the smallest
possible spot size that can be resolved employing a standard imaging system with

focused light. In other words, objects that are smaller or separated by a shorter distance
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than the diffraction barrier cannot be differentiated (Egner and Hell, 2005; Galbraith
and Galbraith, 2011). Thus, fluorescence microscopy is the method of choice for
selectively visualizing bio molecules with a high signal-to-background ratio (Lichtman
and Conchello, 2005), but fails to uncover organizational principles at the molecular

scale due to its diffraction-limited resolution.

2.3.2. Electron microscopy

To visualize structures on the nanometer scale, researchers have relied on EM. As the
resolving power of a microscope is related to the wavelength of irradiation, EM offers
substantially improved resolution by replacing photons through electrons. As electrons
possess a shorter wavelength, resolution is increased (Leung and Chou, 2011).
Unfortunately, the application of EM is restricted to lifeless, fixed and embedded

biological structures.

The resolving power of EM at synapses was exemplified by a classical study, which
used tomography to investigate the ultrastructure of the frog neuromuscular AZ. The
results showed an intricate fine CAZ structure, which assembles a regular and precisely
organized arrangement of SVs relative to Ca®" channels at release sites [see chapter
2.1.1.1; (Harlow et al., 2001)]. Furthermore, alternative tissue preparation and fixation
techniques have enabled analyses of filamentous AZ structures and their associated SVs
in various organisms (Landis et al., 1988; Siksou et al., 2007; Jiao et al., 2010;
Wichmann and Sigrist, 2010; Fernandez-Busnadiego et al.,, 2013). As more
substructural details are uncovered (Szule et al., 2012), knowledge of the underlying
protein species becomes increasingly desirable. Immunogold labelling provides means
to locate specific proteins in electron micrographs with nanometer resolution and has
been used to examine the topology of AZs [e.g. (Limbach et al., 2011)]. However,
specific labelling with antibody-coupled gold particles is inefficient and a compromise
must be made between optimal tissue preservation and structural resolution.
Consequently, the ideal microscope should combine the minimal invasiveness and
efficient specific labelling possibilities of optical microscopy with the high spatial

resolution of EM.
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2.3.3. Super-resolution microscopy

Technologies that merge these features, at least to a certain extent, are collectively
termed super-resolution microscopy (SRM; Figure 8). Based on their conceptions, these
techniques can be classed in near-field and far-field methods with subdivisions based on

their underlying basic principles that provide subdiffraction resolution.

Near-field scanning optical microscopy [NSOM; (Lewis et al., 2003)] and total internal
reflection microscopy [TIRF; (Axelrod, 2003)] are methods for visualizing membrane
near structures. NSOM increases resolution approximately 10-fold in x, y direction and
> 100-fold in z direction by omitting lenses (Lewis et al., 2003). Here, an aperture much
smaller than the wavelength of light is illuminated and scans the surface of a specimen
with a penetration depth of roughly 100 nm. TIRF offers high axial resolution (~ 100
nm) through inserting a prism next to a substrate, e.g. a cover slip, which is illuminated
at a specific angle where light is not directly spread through the substrate to the sample,
instead creating an evanescent field (approximately 100 nm) that excites fluorophores in

a thin layer of the sample (Axelrod, 2003; Garini et al., 2005).

Far-field approaches (Figure 8) include structured illumination microscopy (SIM),
STED and single-molecule based localization microscopy methods such as photo-
activated localization microscopy (PALM) and dSTORM. All of these techniques
bypass the diffraction barrier by temporally separating the fluorescence emission of
individual fluorophores in a deterministic (SIM, STED) or stochastic manner (PALM,
dSTORM).

SIM relies on patterned illumination of the specimen with a high spatial frequency in
various orientations providing a lateral resolution of approximately 100 nm
(Heintzmann and Cremer, 1999; Gustafsson, 2000). SIM does not depend on any
specific fluorophore properties and can therefore be generally applied. A further
modification of SIM, known as SSIM (saturated-SIM) exhibits higher spatial resolution
but requires photostable samples (Gustafsson, 2005). As SIM enables multicolour 3D-
imaging with standard fluorescent dyes, it has attracted considerable interest among

biologists (Maglione and Sigrist, 2013).
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In STED microscopy, the lateral resolution is improved by decreasing the size of the
excitation PSF (point-spread function) by stimulated emission of fluorophores at the rim
of the PSF (Hell and Wichmann, 1994). Since the resolution enhancement in STED
microscopy scales with the intensity of the depletion beam (Hell, 2007) only very
photostable fluorophores allow spatial resolutions in the 30-50 nm range (Hell, 2007;
Meyer et al., 2008). STED is compatible with various fluorescent dyes including
fluorescent proteins, allows direct image acquisition without the necessity for further
image processing and is suited for live applications albeit at lower resolution (Hell,

2007; Nagerl et al., 2008; Schermelleh et al., 2010; Tennesen et al., 2014).

Single-molecule based localization microscopy techniques such as PALM, STORM and
dSTORM rely on stochastic photoactivation, photoconversion, or photoswitching of
fluorophores such that only a small subset emits photons at the same time. By fitting a
2D Gaussian function to the PSF of individual, spatially isolated emitters, their
positions can be precisely localized and used to reconstruct a super-resolved image. A
requirement therefore is, that all fluorophores determining the structure of interest have
to be detected and localized at least once during image acquisition (Betzig et al., 2006;
Hess et al., 2006; Rust et al., 2006; Heilemann et al., 2008). While PALM is conducted
with genetically expressed photoactivatable fluorescent proteins (Betzig et al., 2006;
Hess et al., 2006), STORM requires photoswitchable dye pairs (Rust et al., 2006) and
dSTORM takes advantage of the reversible photoswitching of standard organic
fluorophores in thiol-containing aqueous buffer (Heilemann et al., 2008; van de Linde et
al., 2011). Since localization microscopy methods exhibit explicit single-molecule
sensitivity they share the potential to deliver quantitative information about molecular
distributions, even reporting absolute numbers of proteins present in subcellular

compartments (Sauer, 2013).
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Figure 8 Super-resolution microscopy. (a) SIM relies on illumination of the sample
employing an optical grid that forms striped patterns with a high spatial frequency. Imaging
through the specimen generates an interference pattern (moiré fringes) that can be processed and
mathematically reconstructed to obtain twofold increased lateral resolution. (b) STED
microscopy utilizes stimulated emission to generate a reduced PSF by depleting the fluorescent
signal at the rim of the diffraction-limited spot. (¢) Single molecule localization microscopy,
like PALM and STORM, are based on stochastic emmision of small subsets of fluorophores
that can be localized with nanometer precision to reconstruct a super-resolved image. Modified
from Schermelleh et al., 2010 and Sigrist and Sabatini, 2012.

2.3.3.1 Application in the neurosciences

In one of its first biological applications, STED microscopy revealed detailed insights
into the distribution of the wvesicular calcium sensor Synaptotagmin following
exocytosis (Willig et al., 2006). Subsequent work on vesicle organization introduced
live cell STED imaging to interrogate SV movement within presynaptic boutons

(Westphal et al., 2008) and multicolour imaging to differentiate SV pools (Kempf et al.,
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2013). Focussing on Syntaxin as a component of the vesicle fusion machinery, several
independently conducted investigations using STED and dSTORM provided detailed
information on its clustered arrangement at the plasma membrane (Sieber et al., 2007,
Bar-On et al., 2012). Moreover, 3D applications of STORM and PALM have been
utilized to investigate Clathrin structures in the context of endocytosis (Jones et al.,

2011; Sochacki et al., 2012).

The first application of STED in situ helped identify Brp as a major component of the
Drosophila AZ (Kittel et al., 2006). Subsequent work described Brp’s polarized
orientation within the CAZ and resolved the organization of further AZ constituents
relative to Brp [Figure 7; (Fouquet et al., 2009; Owald et al., 2010; Liu et al., 2011)].
This has generated a detailed picture of the protein scaffold at Drosophila AZs
(Maglione and Sigrist, 2013). In a separate effort, STORM was used to measure the
axial positions of the AZ-specific proteins RIM1, Piccolo and Bassoon at synapses in
mouse brain tissue (Dani et al., 2010) thus providing a molecular map of synaptic

proteins.

2.4 Motivation of the study

Despite a gradually emerging comprehensive catalogue of proteins, we still lack basic
knowledge to describe how the molecular arrangement of AZs gives rise to
neurotransmission. Based on the wealth of biochemical and genetic studies on the
molecular identity of AZ constituents, combined approaches are necessary to ultimately

link structure with function.

Since AZs exhibit a high degree of structural and functional diversity (Rozov et al.,
2001; Atwood and Karunanithi, 2002; Zhai and Bellen, 2004; Peled and Isacoff, 2011),
which can be modified in an activity-dependent manner (Wojtowicz et al., 1994;
Castillo et al., 2002; Matz et al., 2010; Weyhersmiiller et al., 2011), they pose a
formidable challenge to deciphering the molecular properties that influence synaptic
output. However, as an AZ contains a variety of densely packed molecular components
residing within a small sub-cellular area [in central synapses around 200-400 nm;

(Siksou et al., 2007)], direct ultrastructural access to this nanodomain was hindered by
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the diffraction-limited resolution of conventional light microscopy. Lately, the
development of SRM offers resolutions well beyond the diffraction limit and bridges
the gap between conventional light microscopy and EM (Hell, 2009; Patterson et al.,
2010; Schermelleh et al., 2010; Galbraith and Galbraith, 2011; Sauer, 2013).

Though SRM holds great potential for elucidating structure-function relationships, little
work has been done to correlate AZ structure with function. In addition to the high
spatial resolution provided by SRM, localization microscopy can also deliver estimates
of protein abundance, which at the moment are mainly obtained from fluorescence
intensity measurements and therefore deliver only relative values. However, true
quantitative information on endogenous protein copies in addition to their spatial
organization is required for a comprehensive mechanistic understanding of synaptic

communication.

In this thesis the temporal precision of electrophysiology was combined with the spatial
accuracy of dSTORM to test for structure-function relationships at the Drosophila AZ.
A specific aim was to find out if the number and nanoscopic organization of Brp
proteins can provide functional information on neurotransmission. Therefore an
approach was developed that is based on conventional immunohistochemistry to extract
quantitative information on Brp protein copies in sifu. To induce different AZ states,
which are structural or functional alterations in the molecular AZ architecture,
Drosophila mutants were employed and electrophysiology was applied to functionally

calibrate super-resolution images.
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3.1 Fly stocks
For this study, the following genotypes were used:

1118

= w' or w''*¥ (controls),

= hrp™ O3 4f(2R)BSC29 [brp™?; (Hallermann et al., 2010¢)]
= rab3™/df(2R)ED2076 [rab3™"; (Graf et al., 2009)]

Data were obtained from male 3™ instar Drosophila larvae raised at 25°C.

3.2 Electrophysiology

3.2.1 Two-electrode voltage clamp

Two-electrode voltage clamp (TEVC) recordings at the Drosophila NMJ were
performed and analyzed by Xi Zhen Keung and are published in Ehmann et al., 2014.

TEVC is preferred to other voltage clamp techniques, when large and fast currents
should be resolved. Usually two low-resistance pipettes are employed: one measures the
voltage, the other one injects the current. Figure 9a shows a typical TEVC
configuration. For clarity, some frequency dependent components were neglected (The

Axon Guide, 2012).

In this configuration, a unity gain buffer amplifier (A1) records the membrane potential
(Vm) via ME1 (voltage recording microelectrode). V,, will then be compared to a
command potential (Vemg) in A2 (negative feedback amplifier). Here, the voltage output
corresponds to the difference (¢) between V,,, and Vg and drives the current (Itgyc)
through ME2 (current passing microelectrode) into the cell to control the membrane
potential. In other words, Itgyc is indirectly proportional to the current that flows over
the membrane (I). TEVC recordings were performed using an Axoclamp 900A

amplifier (Molecular Devices). For eEPSCs the cells were clamped to -60 mV (for the
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sake of clarity, stimulation artefacts were removed in figures), minis were recorded at
- 80 mV. All electrophysiological measurements were obtained from muscle 6

(segments A2 and A3; Figure 9b, c) at room temperature with intracellular electrodes

(resistances of 10-20 MQ, filled with 3M KCIl) essentially as previously reported
(Hallermann et al., 2010b).

d W _ S—

Figure 9 Two-electrode voltage clamp and its application at the Drosophila NMJ. (a)
Schematics of a conventional TEVC configuration. ME1 (voltage-sensing electrode) records the
voltage through Al (unity gain amplifier), which is fed into A2 (negative feedback amplifier),
where V,, is compared to V4 (difference €). A2 injects the current Itgyc that is required to keep
Vi at Veng via ME2 (current electrode) into the cell. Modified from The Axon Guide, 2012. (b)
Image of VLM 6 (red) and 7 (blue) overlaid with a confocal image of motor neurons that
express GFP (green fluorescent protein). Positions of both intracellular microelectrodes and the
suction electrode are indicated. Adapted from Hallermann et al., 2010b. (¢) TEVC configuration
during a live measurement at the Drosophila NMJ. The image shows VLM 6 and 7 (indicated
by numbers), two intracellular electrodes (arrowheads) and the suction electrode with absorbed
innervating nerve (asterisk). Scale bar: (¢) 50 pm.

Muscle cells with an initial membrane potential between - 50 and - 70 mV and input
resistances of > 4 MQ were accepted for analysis. Signals were sampled at 10 kHz, low-
pass filtered at 1 kHz and analyzed using Clampfit 10.2 (Molecular Devices). EPSCs
were evoked by stimulating the innervating nerve [300 ps pulses typically at 10 V;

Grass S88 or S48 stimulator (Astro-Med Inc.) via a suction electrode (Figure 9b, c).

Ten eEPSCs were averaged per cell for each paired-pulse interval and for low frequency

stimulation. Paired-pulse recordings were made at 0.2 Hz with inter-stimulus intervals
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of (in ms): 10, 30, 100, 300 and 1,000. 10 s of rest were afforded to the cell in between
recordings. The amplitude of the nd response in 10 ms inter-pulse recordings was
measured from the peak to the point of interception with the extrapolated 1* response.
High frequency stimulation followed an established protocol (Wu et al., 2005;
Hallermann et al., 2010b) consisting of 100 pulses applied at 60 Hz. The recovery was
monitored by stimulating at increasing intervals following the train (in ms): 25, 50, 100,

200, 500, 1000, 2000, 5000, 10000, 20000, 50000 and 100000.

All electrophysiological experiments were performed in extracellular haemolymph-like

solution [HL-3; (Stewart et al., 1994)]. 1.5 mM CaCl, was added to the solution prior to

recordings.
HL-3
70 mM NaCl 1.06404, Merck
5 mM KCl 1.04933, Merck
20 mM MgCl, 1.05833, Merck
10 mM NaHCOs S6297, Sigma Aldrich

5 mM D-(+)-Trehalose

115 mM Sucrose

5 mM HEPES

1.5 mM CacCl,

T5251, Sigma Aldrich
S9378, Sigma Aldrich
54457, Sigma Aldrich

21097, Fluka Analytics

pH was adjusted to 7.2 using 1 Mol NaOH

3.2.2 Modelling

Short-term plasticity modelling of 60 Hz trains and of the recovery thereafter was
performed by Stefan Hallermann and Annika Rings, University of Leipzig, as
previously described (Hallermann et al., 2010b; Weyhersmiiller et al., 2011) and results

are published in Ehmann et al., 2014. In short, two different models were used. Model 1
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is characterized by the following parameters: p,,, the vesicular release probability, N,
the number of readily releasable vesicles, Ny, the number of vesicles in the supply pool
from which the readily releasable pool is refilled, and k+;, k.;, k+¢ and k., the refilling

rates of N and N, respectively.

In model 2, a small pool of release-ready vesicles (N,) with a high release probability
(pvr2) 1s refilled with a rate k, from a larger pool (N;), which has a lower vesicular
release probability (p,,;), and which, in turn, is refilled from a supply pool (Ny). The

refilling rates of these pools (k+;, k.1, k+¢ and k) are defined as in model 1.

The release probabilities (p,, for model 1 and p,,; and p,,» for model 2) were defined
according to a biophysical Ca*"-dependent model of facilitation with one single free
parameter (o) (Trommershduser et al., 2003; Hallermann et al., 2010b). Both models
had two additional free parameters: N for model 1, N; for model 2, and k; for both
models, resulting in three free parameters for each model. The remaining parameters
were constrained to values previously estimated at the Drosophila NMJ (Hallermann et
al., 2010b) with the facilitation parameter (y) (Trommershduser et al., 2003) adjusted to
0.4 um™ to reproduce the initial facilitation observed here with an extracellular Ca®"

concentration of 1.5 mM.

Individual experiments including depression during 60 Hz train stimulation and the
recovery from depression were fitted with either model 1 or model 2 as previously
described [Table 3; (Hallermann et al., 2010b)]. The best-fit parameters for both models
are shown for each individual experiment of the different genotypes as mean and

standard error of the mean (SEM) in Figure 19b.
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3.3 Confocal imaging

3.3.1 Immunohistochemistry and image acquisition

In principle, immunohistochemistry was performed as previously described (Schmid
and Sigrist, 2008). Male 3 instar Drosophila larvae were dissected in ice-cold HL-3,
fixed for 10 min using 4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline
(PBS) and blocked for 30 min in PBT [PBS with 0.05% Triton X-100 (T8787, Sigma)]
containing 5% normal goat serum [NGS; (005-000-001, Jackson ImmunoResearch)].
Preparations were incubated with primary antibodies at 4°C over night. After one short
and three x 20 min washing steps with PBT, secondary antibodies (in PBT, containing
5% NGS) were added to the fillets and incubated for 2 h at room temperature. Another
three washing steps with PBT followed this. The samples were mounted in Vectashield

(H1000, Vector Laboratories).

Primary antibodies were used in the following dilutions: mAb Brp™®** (1:250, provided
by E. Buchner) and rabbit-GIuRIID (1:1000, provided by S.J. Sigrist). Alexa Fluor 488-
conjugated mouse (A11029, Invitrogen) and Cy3-conjugated rabbit (111-165-003,
Dianova) antibodies were used at 1:250. Images were acquired with a Zeiss LSMS5
Pascal confocal system (objective: 63x, NA 1.25, oil). For each set of experiments all
genotypes were stained in the same vial and imaged in one session. To estimate synapse

numbers laser power was adjusted individually for each NMJ.

10x PBS

74 g NaCl 1.06404, Merck
12.46 g Na,HPO4*2H,0 1.06580, Merck
4.14 ¢ NaH2PO4*H,0 1.06345, Merck

Fill up to 1 1 with H,O. For 1 x PBS dilute 1:10; pH was adjusted to 7.4 using 1 Mol
NaOH or 1 Mol HCL.

For PBT add appropriate volume (0.05 %) of Triton X100 (T9284, Sigma Aldrich).
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4% PFA in 1x PBS

8 g PFA Merck 1.04005
150 ml H20 Dissolve PFA in H;0, heat up to 55°C
2 N NaOH Merck 1.09136; add some drops until

solution becomes clear

20 ml 10x PBS

Fill up to 200 ml using H,O; pH was adjusted to 7.4 using 1 Mol NaOH or 1 Mol HCI

3.3.2 Data analysis

Brp punctae and GIuRIID clusters (NMJ 6/7, segments A2, A3) were examined using
Image] software (National Institute of Health) in principle as previously described
(Schmid et al., 2008). After background subtraction, a Gaussian blur (0.9 px standard
deviation) was applied to maximum z-projections of confocal stacks and masks were
generated (threshold mean grey value of 25 for Brp and 30 for GIuRIID). After
superimposing the binary mask on the original blurred image, spot detection and
segmentation via the 'Find Maxima' operation was performed to extract particle

numbers.

To estimate the number of release sites (N) per active zone (AZ), the modelling
prediction of N (average value of both models) was divided by the number of AZs on

muscle 6 identified in confocal images, i.e. half of NMJ 6/7 (Atwood et al., 1993).

3.3 Super-resolution imaging

3.3.1 Antibody labelling and image acquisition

Super-resolution imaging of Drosophila AZs including data acquisition, analysis and
quantification was done in collaboration with Markus Sauer, Sebastian van de Linde
and Thorge Holm, University of Wiirzburg, and results are published in Ehmann et al.,

2014.
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The mAb Brp"®** was used at a dilution of 1/2000 to identify AZs. Goat anti mouse
F(ab'), fragments (A10534, Invitrogen) were labelled with Cy5-NHS (PA15101, GE
Healthcare) according to standard coupling protocols given by the supplier. In brief,
Cy5-NHS was diluted in 100 pl DMSO (Dimethyl sulfoxide; 472301, Sigma Aldrich),
and dehydrated (Savant Speed Vac, SC 110) to get a final concentration of 10 pg/ul.
For antibody labelling, 1.7-2.4 ul Cy5-NHS (diluted in 100 ul DMSO), 50 ul F(ab'),
fragments and 25 pl 150 mM NaHCOs; were interfused. This mixture was kept for 60
minutes at room temperature in the dark to allow labelling reaction. Purification of
conjugates (in 1x PBS) was performed using gel filtration columns (Sephadex G-25, GE
Healthcare). The degree of labelling (DOL) was determined by absorption spectroscopy
(Jasco) as 1.3 for studies of the CAZ ultrastructure and 1.3—1.5 for dilution experiments

by application of the following equations:

(b) (c)
c(Dye) = A(650) _ c(Dye)

~ &(Dye,max)x d )

(a) _ A(280) — A(650)x cF(280)
c(g6) = £ (Ig0)xd

Equation 1 DOL determination. (a-c) c(IgG) = antibody concentration; A(280) = absorption
at 280 nm and 650 (A650); cF(280) = correction factor, for Cy5 usually 0.05; € = molar
extinction coefficient; d = cuvette size; c(Dye) = dye concentration

Samples were stored in 0.2% sodium azide in PBS and for the experiments, Cy5

labelled secondary antibody was used at a concentration of 5.2 x 10™® M.

For dSTORM imaging with CyS5, the sample was embedded in photoswitching buffer,
i.e. 100 mM mercaptoethylamine (MEA), pH 8.0, enzymatic oxygen scavenger system
[5% w/v glucose, 5 U/ml glucose oxidase, 100 U/ml catalase (Schifer et al., 2013)] and
mounted on an inverted microscope (Olympus IX-71) equipped with an oil-immersion
objective (60x, NA 1.45, Olympus) and a nosepiece stage [[X2-NPS, Olympus; (van de
Linde et al., 2011)]. To excite Cy5 a 641 nm diode laser (Cube 640—-100C, Coherent)
was used. Telescope lenses and mirror were arranged on a translation stage to allow for
switching between widefield, low-angle/highly-inclined-thin illumination, and total
internal reflection fluorescence imaging (Sharonov and Hochstrasser, 2007; Tokunaga

et al., 2008; van de Linde et al., 2011).

Fluorescence light from Cy5 was filtered by a dichroic mirror (650, Semrock) and a

band- and longpass filter (BrightLine 697/75, RazorEdge 647, Semrock) and imaged on
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an electron-multiplying CCD camera (EMCCD, Ixon DU897, Andor). Additional lenses
were used to generate a final camera pixel size of 107 nm. 15,000 frames were recorded
with a frame rate of 100 Hz at an irradiation intensity of ~5 kW cm™. For imaging
A488, a 488 nm laser (Sapphire 488 LP, Coherent) and a polychromatic dichroic mirror
(410/504/582/669, Semrock) were used. Fluorescence light from A488 was reflected by
a dichroic mirror (630 DCXR, Chroma) and imaged on a second EMCCD camera
equipped with a bandpass filter (HQ535/50, Chroma).

Goat anti mouse IgG (Immunoglobulin G) labelled with A532 (A11002, Invitrogen) and
A700 (A21036, Invitrogen) was used at a concentration of 6.25 x 10® M. The degree of
labelling was determined as 2.0 (A700) and 4.5 (A532). Prior to dSTORM
measurements samples were kept in PBT. Imaging of A532 and A700 by dSTORM was
performed in PBS buffer containing 100 mM MEA, pH 8.3. Using appropriate filter sets
(dichroic mirrors: 650 or 545/650; bandpass filters: RazorEdge 647 or BrightLine
582/75, Semrock), the samples were irradiated at 641 nm (A700) or 532 nm (NANO
250-532-100, Linos; A532) at ~ 5 kW c¢cm™. For titrations of A532-labelled secondary
antibodies (Figure 23) fluorescence light from A700 and A532 was separated by a
dichroic mirror (630 DCXR, Chroma) and imaged on two EMCCD cameras.

3.3.2 Data analysis

Super-resolution images were reconstructed using the software package rapidSTORM
(Wolter et al., 2010, 2012). Only fluorescence spots containing more than 1000 photons
were analyzed. Double-spot emission was analyzed by a two-kernel analysis as
described (Wolter et al., 2011) applying a maximum two kernel improvement of 0.1.
Raw localization data obtained from rapidSTORM was examined and further processed
with ImageJ. A sub-pixel binning of 10 nm / px was applied. Magnified views in Figure

10, 15 and 20 are shown with 7 nm binning for clarity.

To measure CAZ (defined by Brp"“*) area and localization numbers, masks were
created by applying a Gaussian blur (1 px standard deviation) followed by a minimal
threshold (0.15 counts). After a minimum overlay of the original data with the masks,
CAZs were then identified via their area (300 px to infinity). For the comparison of

genotypes, a total of 812 CAZs in controls, 776 in brp™% and 257 in rab3™ were
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analyzed and data (presented as mean = SEM) were acquired in two imaging sessions,
each containing all three genotypes stained in the same vial. Images with a background
of more than 2.3 single spots per pm® were excluded from the comparative analysis.
Unspecific background labels exhibited equal localization counts in all genotypes
(average counts Control: 12.0 + 0.2 localizations SEM, n = 16 NMIJs; brp™%: 12.0 +
0.1,n=13; rab3™”: 12.4 £ 0.3, n = 11), indicating comparable imaging settings.

For the investigation of different motor neurons, a total of 963 (type Ib) and 579 (type
Is) CAZs (from NMJ 6/7, segments A2 and A3) were analyzed to determine the
structural gradient. Double-stainings included HRP directly conjugated to A488 [1:250
(123-545-021, Jackson ImmunoResearch)] for visualization of boutons. In the
representative images, the epifluorescence signals were background subtracted and

normalized.

To specity the localization precision of dSTORM images, localizations of unspecific
background label (n=21436) from all three genotypes were analyzed using Imagel.
Masks were created as described above (Gaussian blur with 1 px standard deviation,
threshold 0.08 counts). Within a ISTORM image, only selections with a size between
16 and 100 px (10 nm / px) and an ellipticity > 0.95 were analyzed. The coordinates of
localizations within a single selection were aligned to their centre of mass and a 2D
histogram of all localizations (209537 in total) was generated (binning: 4 nm X 4 nm). A
2D Gaussian function was fitted to this histogram (adjusted R* = 0.995). The standard
deviation of the Gaussian function (cxy = (6x + Gy) / 2)) was determined as 7.16 + 0.02
nm and is stated as localization precision in this work (Figure 10a,b). This value is
comparable to the localization precision obtained with an alternative method based on
nearest neighbour analysis [NeNA; Figure 11; (Endesfelder et al., 2014)]. This method
employs pairwise displacement distribution and makes use of the fact that a distinct
localization in one imaging frame possesses a nearest neighbour localization in the
following frame. By analyzing these localizations NeNA determines their precision.
This analysis was performed by applying ‘Coordinate Based Localization Precision
Estimator’, a Python script that can be found in Endesfelder et al., 2014, to localization

data obtained by rapidSTORM.
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For the investigation of CAZ-units, those structures were chosen which were not
grouped together and were viewed en face (Fouquet et al., 2009). For the manual

selection of CAZ-units, the genotypes were blinded.

In collaboration with Stefan Hallermann and Annika Rings, University of Leipzig, the
radial distribution (Figure 15g) was computed using Mathematica 9.0 (Wolfram
Research) to automatically calculate the centre of each chosen CAZ-unit as the centre of
mass (i.e. the average localization of all pixels of the CAZ-unit weighted with the pixel
value). Subsequently, the distance of each pixel to the centre of mass was calculated.
These distances were then binned, the pixel values were added to the corresponding
bins and the values were normalized by the area of each radial slice. The resulting
distributions were averaged across all chosen CAZ-units, resulting in mean and SEM

values for the radial distributions of each genotype.

3.3.2.1 Cluster analysis

Cluster analysis was performed in collaboration with Uri Ashery and Amit Alon, Tel

Aviv University, and results are published in Ehmann et al., 2014.

For the analysis a home-written density based algorithm was employed. The base of the
algorithm comes from the known algorithm, DBSCAN (Density Based Spatial
Clustering of Applications with Noise): this algorithm simply looks for localizations that
reside within the middle of a circle of radius Eps and enclose at least k other
localizations (Ester et al., 1996; Bar-On et al., 2012). Since the data contains a large
number of localizations in between putative clusters, more constraints on cluster
detection were added. The algorithm starts with finding local maxima of density. The
density is defined as the number of localizations within an Eps radius circle around a
localization (Eps-environment). Each local maximum that has a density that is more
than %, will be defined as a cluster centre. For each cluster centre, the localizations
contained within its Eps-environment are examined for holding the condition of &
localizations. When the condition is held, the current localization along with all the
other localizations within the Eps-environment, will become members of this cluster.
The algorithm then moves on to another localization that was found within the circle of

radius Eps from the cluster centre and examines if it holds the conditions. If not, this

41



=, Materids & Methods

localization will be a boundary point for the cluster and the expansion will end. If it
does, this localization will be considered a core-object of the same cluster, and the
cluster will keep expanding until it reaches a boundary point. In addition to the above
conditions, each localization added to the cluster should have a lower density than the
localization that discovered it. If the algorithm detects an increase in density, this
localization will not be part of the previous cluster. This separates adjacent clusters and

prevents creating saddle points between them.

A search Eps of 20 nm was chosen, which roughly corresponds to the estimated radius
of an EM filament with the antibody complex attached to it. For a chosen Eps, the
density is calculated as the number of localizations within the Eps-environment of the
current localization. The parameter k& was chosen based on the density distribution
which had a peak around 12-18 and & was large enough to separate from noise but not

too large as to find a sparse number of clusters (k= 16).

After defining the clusters and the non-clustered localizations, a set of different
parameters that characterize the clusters was examined. The following cluster properties
were analyzed: a) the number of localizations belonging to each cluster; b) cluster shape
and area. Most clusters did not show an exact circular shape but were more elliptic.
Therefore, a 2D ellipse was tightly fitted to each cluster. From this ellipse the
parameters: shape (minor radius divided by major radius), minor and major axes were
calculated. Clusters were defined as comprising a CAZ-unit if the density was at least

four clusters within a circle of radius 200 nm.

3.3.3 Quantification of Brp protein numbers

To estimate the number of Brp molecules per CAZ-unit a number of parameters had to
be considered. Firstly, the mAb Brp™“* specifically recognizes one epitope per Brp
molecule. Secondly, it is unclear how many Cy5 labelled F(ab'), fragments can bind to

the primary mAb Brp"¢*?

and how many localizations can be expected per Cy5 labelled
secondary antibody. Here, it has to be considered that the number of localizations
detected per antibody can be strongly influenced by its nano-environment. Hence, the
number of localizations expected for an individual labelled antibody should ideally be

derived from measurements performed under identical imaging and buffer conditions in
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the same cellular environment, i.e. within the CAZ. In order to derive quantitative
values of Brp molecules from the localization data, antibody titrations with (i) different

dilutions of Cy5 labelled secondary antibody and a constant concentration of mAb

Nc82 Nc82

and (i1) different dilutions of mAb Brp "~ and a constant concentration of Cy5

Brp

labelled secondary antibody were performed.

To evaluate the localizations presented by a Cy5 labelled F(ab'), fragment attached to

Nc82 Nc82

Brp via mAb Brp 7, the concentration of mAb Brp ™~ was kept constant (1/2000, 1.e.
experimental concentration) and the secondary antibody was diluted (1, 1/2, 1/10,
1/100, 1/1000, 1/10000, 1/100000). Preparations were simultaneously stained with
A488 goat anti mouse F(ab'), fragments (A11017, Invitrogen) to warrant an overall
constant secondary antibody concentration of 5.2 x 10™* M for epitope saturation (e.g. 1:
100% Cy5 to 0% A488, 1/1,000: 0.1% Cy5 to 99.9% A488) and to enable the
unequivocal identification of the CAZ at low Cy5 antibody concentrations (Figure 13b).
The epifluorescence signal (A488) was background subtracted, blurred, and contrast
enhanced to identify Cy5 localizations within in the CAZ. 8-10 NMJs were evaluated
for each dilution and the localizations per CAZ were histogrammed and fit to a Poisson
model in order to extract the average number of localizations per CAZ (Lcaz) as the
mean of the distribution. Lcaz as a function of the Cy5 antibody dilution (d) was then
approximated with the logistic function Leaz = Lo+(L1-Lo)(1+(d/do)’) " where the lowest
localization value (L) is equivalent to the number of localizations corresponding to a
single F(ab'), fragment attached to Brp via mAb Brp "’ (L, is the maximum
localization value, p is the Hill coefficient, which was fixed to 1; Figure 13b). Such

titrations are not limited to Cy5 but can, in principle, as well be performed with other

fluorophore-labelled antibodies (Figure 24).

The saturation of mAb Brp"¢*

secondary antibodies (5.2 x 10® M) with a fixed ratio of Cy5 and A488 F(ab'),
fragments (1% Cy5 : 99% A488) and by diluting the mAb Brp"** (1/20, 1/50, 1/100,
1/200, 1/500, 1/1000, 1/2000, 1/5000, and 1/10000). The localization data was analyzed

was analyzed by using a constant concentration of

(4-5 NMUJs per dilution) as described for Cy5 secondary antibody dilutions [Figure 13c;
Ly =198.9, Lcaz(1/2000) = 70.6].
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In order to estimate how many Cy5 labelled secondary antibodies bind per primary
mADb Brp"“* under experimental conditions (5.2 x 10® M Cy35, 100%), NMJs (n = 5)
were stained with a very low concentration of mAb Brp"** (1/20000) together with an

N-term

antibody directed against an N-terminal Brp epitope [rabbit-Brp (Fouquet et al.,
2009), provided by S.J. Sigrist, 1/2000; labelled by Alexa Fluor 488 goat anti rabbit
(A11008, Invitrogen), 1/250]. Only solitary spots within CAZs defined via Brp"™ "™
were measured (threshold > 10 px), histogrammed and fit to a Poisson model to extract

the number of localizations corresponding to one mAb Brp"“* [L; (Nc82)].
The application of the following equation:

Locey i y L(Gy5) y L,(NeB2) y L,(Cy5)
L,(Cy5) L., ,(Cy5100%) L., (Nc82)00) L(Nc82)
Equation 2 Estimation of Brp molecules per CAZ-unit. From Ehmann et al., 2014.

#BrpCAZ—unit =

gives an estimate of 137 = 29 Brp molecules SEM at an average CAZ-unit.
Correspondingly, the conversion factor 0.134 + 0.028 SEM was used to translate

localizations into molecules for all genotypes (Table 2).

3.4 Statistical analysis

Statistical tests were used as indicated. Data are presented as mean £ SEM, unless
otherwise stated. Levels of significance are identified by asterisks: * P < 0.05, ** P <

0.01, *** P <0.001.
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4, Results

4.1 Localization microscopy of the CAZ nanostructure

4.1.1 Application of ISTORM to Drosophila AZs

Application of STED microscopy to the Drosophila AZ has led to a basic understanding
of the structural arrangement of Brp within the CAZ (Kittel et al., 2006; Fouquet et al.,
2009). Building upon this information, dSTORM at Drosophila AZs was established to
have a more thorough look at the molecular arrangement of Brp. Due to its explicit
single molecule sensitivity, dISTORM could provide detailed information on the spatial

arrangement and in particular on the number of individual molecules.

The CAZ was recognized with a monoclonal antibody (mAb Brp™¢*

) that specifically
labels an epitope at the C-terminal end of Brp (Wagh et al., 2006; Fouquet et al., 2009;
Hofbauer et al., 2009). To optimize structural resolution secondary F(ab'), fragments
were employed, which are 50% smaller than whole IgGs, and were labelled on average
with 1.3 Cy5-fluorophores. For the whole antibody-fluorophore complex, a size of
approximately 13 nm was estimated [primary IgG: 8-10 nm, secondary F(ab'),: 4 nm;
(Weber et al., 1978; Amiry-Moghaddam and Ottersen, 2013)]. The resolution that can
be obtained with localization microscopy relies heavily on the photophysical properties
of the fluorophore (e.g. its brightness) and the labelling density of the given structure
(Patterson et al., 2010; van de Linde et al., 2011; Sauer, 2013). Owing to the high
brightness of Cy5 a localization precision (= accuracy of position determination) of 6-7
nm [standard deviation (s.d.), in lateral direction] could be calculated by using either
localizations of individual isolated fluorophore-labelled antibodies in the sample or
nearest neighbour analysis [Figure 10a, b, Figure 11; Material and Methods;
(Endesfelder et al., 2014)]. Interestingly, the increase in spatial resolution provided by
dSTORM revealed a substructural organization of AZs that was obscured in

epifluorescence images (Figure 10c, d).
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Figure 10 dSTORM resolves substructural information on the CAZ. (a) 2D localization
pattern of a single, unspecifically bound Cy5 F(ab'), fragment. (b) Aligned distribution of
209537 localizations from 21436 unspecifically bound antibodies. A 2D Gaussian fit gives a
localization precision (s.d.) of 7.16 = 0.02 nm. (¢,d) dISTORM images (right) of wt NMJs
stained against Brp reveal CAZ substructures, hidden in epifluorescence images (left). Such
subdivisions of Brp immunofluorescence are termed CAZ-units. d1 shows two individual AZs,
each containing a single CAZ-unit (arrows). d2 depicts one AZ that contains 3 CAZ-units
(arrowheads). Lower panels are magnifications of boxed regions. Scale bars: (c,d) 2 pm,
(cl,c2,d1,d2) 500 nm. From Ehmann et al., 2014.

Throughout this work, an AZ is defined via its CAZ as an interconnected region of Brp
immunofluorescence. Within such a Brp assembly, a further level of organization could

be identified in SRM images, which subclassifies Brp into modules. Therefore, one AZ
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can contain a single (Figure 10d1) or several of these modules (Figure 10d2), which are
termed CAZ-units (e.g. Figure 10d1 depicts two single AZs that are also individual
CAZ-units; Figure 10d2 displays one AZ, comprising 3 CAZ-units).

A wt CAZ-unit viewed en face has a size of 0.095 + 0.003 pm® SEM and comprises on
average 1021 + 43 SEM localizations (n= 144 CAZ-units; chapter 3. Materials and
Methods).

To assure that such an organizational principle is not an artefact of fluorescence
detection and localization, Brp immunostainings were performed using secondary
antibodies with different fluorophores. Application of Alexa Fluor 700 (A700) and
Alexa Fluor 532 (A532) resolved the same CAZ organization, although with a lower
spatial resolution compared to Cy5 (Figure 11). Hence, Cy5 was used for all following

experiments.

P

5=592+001nm  o=15.00+0.84 nm

c=10.60 £ 1.63 nm

Figure 11 dSTORM of wt CAZs with three different photoswitchable fluorophores. Using
Cy5, Alexa Fluor 700 (A700) and Alexa Fluor 532 (A532) as photoswitchable fluorophores,
individual wt CAZ units can be resolved with dSTORM. However, the CAZ ultrastructure is
most accurately resolved by CyS5 (see insets). This is also demonstrated by the localization
precision (o) within the CAZ, which was determined according to Endesfelder et al., 2014. This
comparison suggested the use of Cy5 over A532 and A700. Scale bars: 2 um and 200 nm
(inset). From Ehmann et al., 2014.

4.1.2 Density-based analysis of CAZ-units

In order to gain more information on the nanoscopic distribution of Brp within the
CAZ, a clustering algorithm was applied that was modified from Bar-On et al., 2012,

which takes into account the previously reported diameter of macromolecular CAZ
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filaments [~ 10 nm; (Jiao et al.,, 2010)] analyzed by state-of-the-art electron

tomography.
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Figure 12 Density-based analysis reveals that CAZ-units are built from multiple Brp
clusters. (a) Spatial distribution of localizations in a specific CAZ-unit (shown as inset). (b)
Density distribution of localizations in a 20 nm search radius (number of localizations within
Eps environment colour coded). Difference between elevation lines, 2 nm. (¢) Centres of mass,
i.e. local density maxima as discovered by algorithm. (d) Final clusters as defined by algorithm.
Each colour represents a different cluster. Parameters used for algorithm: 20 nm search radius
(Eps) and 16 neighbours threshold (k). From Ehmann et al., 2014.

Clustering analysis (Figure 12) focused on single, clearly distinguishable CAZ-units
(Figure 12a, inset). The density based analysis detected on average 14.5 = 0.4 multi-
protein clusters (SEM) with an elliptic shape (29.8 £ 0.2 nm SEM long radius % 19.9 +
0.1 nm SEM short radius) and an average size of 1568 + 21 nm® (SEM). Taking into
account the dimension of the antibody-fluorophore complex and the localization
precision (Figure 10a, b), the obtained data closely match the diameter of a CAZ
filament. Interestingly, the cluster analysis also revealed that approximately 26% of Brp
localizations within the CAZ are not directly grouped into clusters (Figure 12d, black
triangles). By comparing this to the imaging background (78 + 7 localizations per um?

SEM) it can be estimated that only 1% of the localizations are caused by unspecific
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labelling. Hence, a substantial proportion of Brp molecules is not part of

macromolecular filaments.

4.2 Quantifying the substructural organization of Brp in the CAZ

To obtain truly quantitative information on the molecular architecture of AZs, an
approach to count Brp molecules in their native surrounding with dSTORM was
developed. Using localization microscopy it is theoretically feasible to extract
information on single molecules via the number of localizations obtained in dISTORM
recordings. However, since a primary-secondary antibody approach was chosen, the
number of localizations will not directly equal the number of Brp molecules. Therefore,
three main questions have to be answered to obtain reliable values for Brp protein copy

numbers within the CAZ.

I. How many localizations are presented by a single CyS5-labelled secondary

F(ab'), fragment attached to the primary mAb Brp"°** (Figure 13a, b)?
II. Are all epitopes saturated by primary mAb Brp"“** (Figure 13a, c)?
III. How many secondary antibodies bind to one primary antibody?

Since the number of localizations measured for a fluorophore-labelled antibody is
influenced by its nano-environment (Endesfelder et al., 2011; Sauer, 2013), all reference

experiments were conducted within the CAZ.

To evaluate the localizations presented by a single CyS5-labelled antibody bound to

Nc82

primary mAb Brp within the CAZ, titrations of the secondary antibody were

performed (Figure 13a, b). To unequivocally identify the CAZ in low concentrations of

the secondary Cy5-labelled antibody (2"*™ Ab-Cy5), co-staining of mAb Brp"*?

using
Alexa-Fluor 488 (A488) was simultaneously accomplished. Additionally, this procedure
assures a constant concentration of secondary antibodies (5.2 x 10® M; e.g. 1: 100%
Cy5 to 0% A488, 107: 0.1% Cy5 to 99.9% A488). Primary mAb Brp"“** was kept at a
constant concentration (1/2000; experimental concentration). Data were recorded at 7

different dilutions of 2"*¥ Ab-Cy5 (Figure 13b) and individual super-resolved images
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were reconstructed. Localization values within individual CAZs were measured by

Nc82

using the corresponding mAb Brp —"-A488 epifluorescence signal as a ‘CAZ-mask’,

which was applied to super-resolved Brp"<*

-Cy5 images and allowed localization
analysis (Figure 13b). This procedure becomes increasingly important when high
dilutions of 2" Ab-Cy5 were used. Here, recognition of the CAZ in super-resolved
images cannot be accomplished due to strongly decreased Cy5 spot number. The
obtained localization values were subsequently histogrammed and fitted to a Poisson
model (see chapter 3. Materials and Methods). Applying this method to data obtained
from individual dilutions, it was possible to evaluate the average number of
localizations per CAZ (Lcaz) as a function of dilution (Figure 13b; Table 1; chapter 3.
Materials and Methods). Finally, by fitting a logistic function (Figure 13b; chapter 3.
Materials and Methods), the lowest localization value corresponds to a single 2"*™ Ab-
Cy5 attached to mAb Brp™“® [L,(Cy5)] and is 16.1 + 1 SEM (n = 8-10 NMJs per

dilution).
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Figure 13 Counting Brp molecules within the CAZ. (a) Schematic of a filamentous CAZ-unit
in polarized orientation. Light blue area denotes estimated mAb Brp"** epitope, red arrow
shows the C-terminal truncation of brp™%. Right part of (a) schematically summarizes reference
experiments. Individual Brp proteins are indicated by filled circles (grey). (b) Cy5 and A488
labelled 2" F(ab'), fragments were diluted at a constant overall concentration of 5.2 x 10 and
a fixed mAb Brp"** dilution (1/2000; 0.5 x 107) to estimate the number of localizations
corresponding to a single Cy5 labelled antibody attached to Brp via mAb Brp"“*’. Binding of
single Cy5 antibodies (magenta) to the CAZ was verified through comparison with the A488
epifluorescence signal (green; chapter 3. Materials and Methods). Images depict examples of
several antibody dilutions (indicated by 1 and 2 in the graph). (¢) Titration of mAb Brp"** at
fixed Cy5- and A488 antibody concentration (5.2 x 10® M; 1% Cy5, 99% A488) provides
information on epitope saturation by the primary antibody. Error bars show standard errors of
data fits (chapter 3. Materials and Methods). Arrowheads denote antibody concentrations used
in experiments (Figures 10, 11, 15 and 20). Scale bar: 200 nm. From Ehmann et al., 2014.
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Next it had to be assessed whether all putative Brp epitopes are labelled by mAb Brp™¢*

Figure 13a, c). If naive epitopes are not completely saturated, localization values would
be falsely decreased, thus leading to an underestimation of Brp protein copies within the

CAZ. To answer this, titrations of mAb Brp"“*

were performed similar to experiments
using 2™ Ab-Cy5 dilutions before. For this set of experiments, secondary antibody
concentration was kept constant and at a fixed ratio of Cy5- and A488-labelled F(ab'),
fragments (1% to 99%). This ratio was necessary to ensure dSTORM-compatible

Nc82

imaging settings even at high mAb Brp concentrations (multiple simultaneous

emissions would occur when the CyS5 concentration is too high). Using this approach, it

was possible to increase primary mAb Brp"“*

concentration and reconstruct super-
resolved images for quantification of localizations until maximal possible epitope
saturation could be estimated (Figure 13c). Interestingly, by fitting a logistic function, a
value of localizations which corresponds to a saturation of approximately 30% of
available Brp epitopes (at the experimental mAb Brp"¢**
[Figure 13c; Table 1, L;(Nc82): 198.9 + 6.4 SEM; Lcaz(Nc82 1/2000): 70.7 = 7.6 SEM,

n =4-5 NMJs per dilution].

concentration) was obtained

Finally, it had to be clarified how many 2™*¥ Ab-Cy5 bind to primary mAb Brp™*2. If
the ratio of secondary to primary antibody would be higher than one, the current data
obtained through antibody titration experiments would overestimate Brp protein copy

number and vice versa. To calculate the antibody ratio, a normal concentration of pndary

Ab-Cy5 (5.2 x 10® M) was combined with a low concentration of mAb Brp"*
(1/20000). For this approach, identification of the CAZ was assured by co-staining
using an antibody directed against the N-terminal part of Brp [Brp" “™-A488; (Fouquet
et al., 2009)]. In contrast to titration experiments before, where localizations within a
whole CAZ were calculated, in this set of experiments solitary Cy5 spots within the
CAZ were individually measured. Subsequently, these values were analyzed (see
chapter 3. Materials and Methods) to obtain Lg(Nc82): the number of localizations per

Nc82

putative mAb Brp epitope (Table 1). Comparing this value to L,(Cy5), the number

2
NeB2 - the

of localization presented per single 2"*? Ab-Cy5 attached to mAb Brp
calculation provided an estimate of 1.59 2" Ab-Cy5 per primary mAb Brp™*** (Table

1.
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Loccaz-unit L, L, Leaz Lg L Leaz

(Cy5) (Cy5) (Cy5100%) (Nc82) (Nc82) (Nc82 1/2000)

Localizations 1020.5 16.1 1212.2 992.5 25.6 198.9 70.7

SEM 42.7 1.0 117.4 100.9 1.4 6.4 7.6

Table 1 Localization values from antibody titrations. From Ehmann et al., 2014.

Taking these considerations into account allows for quantitative image analysis and
provides an estimate of 137 £ 29 SEM Brp molecules per CAZ-unit (see chapter 3.
Materials and Methods). Accordingly, approximately 7 Brp molecules are recognized
per multiprotein cluster (52.2 + 0.7 localizations, SEM, n = 2102 clusters). Hence, Brp
molecules might wrap around each other possibly via their coiled-coil domains to
assemble as rod-like heptamers and build up the final 10 nm CAZ-filament. This
stoichiometry is quite convincing by comparison with other filamentous protein
structures, like subfibrils of intermediate filaments, where seven of them form a

filament of ~ 10 nm (Kim and Coulombe, 2007).

4.3 Ultrastructural analysis of different AZ states

The CAZ is subject to activity-dependent structural alterations, which can occur at
individual synapses in a highly dynamic manner and are supposed to reflect functional
properties of neurotransmission (Atwood and Karunanithi, 2002; Schmid et al., 2008;
Matz et al., 2010; Weyhersmiiller et al., 2011). However, it is unclear how such
structural changes are mechanistically coupled to functional output. A variety of studies
previously showed that Brp reorganizations are involved in synaptic plasticity, lasting
from milliseconds to days (Schmid et al., 2008; Gilestro et al., 2009; Hallermann et al.,
2010c; Weyhersmiiller et al., 2011). Theoretically, the reason for such rearrangements
could be a change in the number of Brp molecules within the CAZ or their spatial

distribution (Graf et al., 2009; Hallermann et al., 2010c).

nude

To test for such underlying mechanisms, two different Drosophila mutants, brp™" and
rab3"™ (Graf et al., 2009; Hallermann et al., 2010c) were employed. Previous studies
have demonstrated that both mutations impact synaptic neurotransmission and exhibit

structural changes in Brp organization (Graf et al., 2009; Hallermann et al., 2010c).
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Rab3™ is a small vesicle-associated GTPase that regulates and localizes presynaptic
components at AZs (Graf et al., 2009). At rab3™” mutant NMJs, the number of Brp
positive AZs is severely decreased, while remaining AZs exhibit extremely enlarged
Brp aggregates [Figure 14; see chapter 2.2.3.1 and 2.2.3.2; (Graf et al., 2009)]. In

nude

contrast, brp™, a hypomorphic allele of brp that lacks 1% of the entire protein at its C-
terminus, displays normal overall CAZ structure (Figure 14), while ultrastructural
analyses revealed a strikingly reduced vesicle tethering capacity at T-bars (Hallermann
et al., 2010c). Functionally, this results in slowed vesicle recruitment to the AZ and
synaptic short-term depression [see chapter 2.2.3.1 and 2.2.3.2; (Hallermann et al.,
2010c)]. Employing these two mutants enabled the investigation of different AZ states.
Such states are characterized by structural or functional alterations in the precise
molecular architecture of AZs and thus shape neurotransmission. Consequently, by

using these mutants the CAZ ultrastructure could be assayed quantitatively and

combined with functional recordings to test for AZ structure-function relationships.

}

Figure 14 Confocal imaging of rab3™ and brp™“. Examples displaying GIuRIID (glutamate
receptor subunit [ID, magenta) and Brp (green) immunoreactivities at NMJ sections of control
(left panels), brp™® (center) and rab3™ (right) larvae. Scale bar: 10 um.

rup

In agreement with previous work, the application of confocal microscopy to rab3

mutant NMJs showed an accumulation of Brp at a small subset of AZs (Figure 14),
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while the overall number of Brp-positive AZs was severely decreased [~35% of
controls; control: 472 + 43 SEM, n = 14 NMJs; rab3"™”: 164 £ 15, n =14, P < 0.001 vs.
control; Figure 15e; (Graf et al., 2009)]. Since the number of GIuRIID is unaltered, a
large fraction of glutamate receptors does not face Brp-positive AZs (control: 485 + 49
SEM, n = 14 NMJs; rab3"™: 354 + 34, n = 14, rank sum test P = 0.07 vs. control). As
expected, no change in Brp positive AZs and GIuRIID clusters could be observed at
brp™® mutant NMJs [Brp: brp™?: 397 + 25, n = 13, rank sum test P = 0.254 vs.
control; Figure 15¢; GIuRIID: brp™: 447 + 29, n = 13, rank sum test P = 0.662 vs.

control; (Hallermann et al., 2010c¢)].

As a next step, dSTORM was applied to both mutants in order to study the nanoscopic
arrangement of Brp within the CAZ (Figure 15). At rab3™” mutant NMJs, the CAZ was
significantly enlarged (control: 0.120 + 0.006 um? SEM, n = 16 NMJs; rab3™: 0.212 +
0.01 pm?, n = 11, rank sum test P < 0.001; Figure 15f) and displayed an increase in Brp
localizations (control: 1257 + 89 localizations SEM, n = 16 NMJs; rab3™": 1999 + 98, n
= 11, rank sum test P < 0.001; Figure 15f). Additionally, the large rab3™" CAZs exhibit
a complex structure, often lacking a clearly distinguishable modular composition, which
can be seen in controls (Figure 15, enlarged boxed regions). Compared to rab3™”,
brp™® AZs show a more ordered structure, with a modular composition, where CAZ-
units can easily be recognized. Moreover, Brp localizations are mostly distributed at the
CAZ margin, while they are more uniformly distributed in controls (Figure 15g,
enlarged boxed regions, Figure 10). Though brp™* AZs show a similar number of Brp
localizations (1129 £ 104 localizations SEM, n = 13 NMJs, rank sum test P = 0.28 vs.
control; Figure 15f), they posses a smaller CAZ than controls (0.097 + 0.005 um” SEM,
n = 13 NMIJs, rank sum test P = 0.005 vs. control; Figure 15f). Interestingly, this
structural property was not recognized before using STED or EM (Hallermann et al.,

2010c).
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Figure 15 Different nano-organization of Brp within the CAZ. (a,b) Overview of brp™“ and
(¢,d) rab3™ NMIJs stained against Brp. Enlarged boxed regions (left panels epifluorescence,
right panels dSTORM) resolve the highly ordered distrubution of Brp immunoreactivity in
brp™*, where Brp localizations are mostly confined to the CAZ margins. In contrast, rab3™
CAZs are greatly enlarged and lack a clearly distinguishable modular arrangement. (e-g)
Quantification of imaging data acquired with confocal (e) and localization microsocopy (f). (g)
En face views of individual CAZ-units were aligned according to their centres of mass and the
radial density distributions of Brp localizations were plotted (dark lines: average, shaded area:
SEM). Compared to controls (black), the Brp epitope was distributed more narrowly in brp™%
(grey) CAZ-units. Scale bars: (a-d) 2 um, (enlarged boxed regions) 500 nm. From Ehmann et
al., 2014.

For a summary of all data obtained with confocal and localization microscopy, please
see Table 2. The number of Brp molecules was calculated by application of the
conversion factor 0.134 + 0.028 SEM (chapter 3. Materials and Methods) to

corresponding CAZ localizations.
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confocal dSTORM
AZ/NMJ Area (umz) Localizations Nr of BRP
molecules
Control CAZ 472 + 43 (n=14 NMJs) 0.120 + 0.006 (n=16 NMJs) 1257 £ 89 168 + 34
brp™@ CAZ 397 +25 (n=13 NMJs)  0.097 + 0.005 (n=13 NMJs) 1129 + 104 151 £35
rab3"™ CAZ 164+ 15 (n=14NMJs)  0.212+0.01 (n=12 NMJs) 1999 + 98 268 + 58

Table 2 Structure of AZs. Confocal microscopy was used to estimate the number of AZs per
NMJ (via their Brp-positive CAZ) and super resolution imaging by dSTORM was engaged to
quantify ultrastructural properties of the CAZ. From Ehmann et al., 2014.

4.4 Functional properties of AZ states

4.4.1 Electrophysiological characterization of different AZ states

To obtain mechanistic descriptions of AZ function in both mutants, TEVC recordings
were acquired from Drosophila larval NMJs. Analysis of minis, spontaneous fusion
events of single SVs, showed no differences in rab”™ and brp™*
(frequency: control: 2.17 £ 0.20 Hz SEM, n= 11 NMlJs; brp"”de: 228 +0.27Hz,n=17,
rank sum test P = 0.96 vs. control; rab3™: 1.72 £ 0.12 Hz, n = 17, rank sum test P =
0.07 vs. control; amplitude: control: - 0.77 + 0.04 nA SEM, n = 11 NMIs; brp™%: - 0.86

+0.03 nA, n =17, rank sum test P = 0.20 vs. control; rab3™": - 0.83 £ 0.02 nA,n=17,

compared to controls

rank sum test P = 0.26 vs. control; Figure 16), indicating no alterations in the response
of postsynaptic glutamate receptor fields to neurotransmitter release. Additionally, at
low frequency stimulation, evoked at 0.2 Hz, only subtle differences in eEPSC
amplitudes could be observed in rab3™” mutant larvae (control: - 89.9 = 4.8 nA SEM, n
=21 NMJs; brp™%: - 87.3 £ 6.2 nA, n = 26, rank sum test P = 0.45 vs. control; rab3™:
- 73.8 £3.3 nA, n = 28, rank sum test P = 0.009 vs. control; Figure 17). Both findings
nude

indicate that neither rap3™” nor brp

the NMJ.

greatly impacts basal synaptic transmission at

As a next step, the impact of both mutations on STP was analyzed. Therefore, paired-
pulse recordings and high frequency (60 Hz) stimulation were performed (Figure 18).
Both stimulation paradigms evoked pronounced short-term synaptic depression of

eEPSC amplitudes in brp™% and rab3™ (Paired-pulse stimulation: rank sum test vs.
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controls: brp™ for 10 ms P = 0.014, for all other intervals P < 0.01; rab3™ for 10 ms P
= 0.016, for 30 and 100 ms P < 0.01; Figure 18a; 60 Hz stimulation: eEPSC 91-100
mean; control: - 34.3 + 1.5 nA SEM, n = 10 NMJs; brp™?: - 23.9 + 1.3 nA, n = 10, rank
sum test P < 0.001 vs. control; rab3"™: - 27.3 + 1.4 nA, n = 11, P = 0.004 vs. control;
Figure 18b).
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Figure 16 Similar spontaneous transmitter release at larval NMJs. Example traces and
quantification of data of mEPSCs. Both mini frequency and amplitude were indistinguishable
from controls. Scale bar: 2 nA, 100 ms. From Ehmann et al., 2014.
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Figure 17 Only subtle differences in evoked release. Average traces and quantification of
eEPSC recordings at 0.2 Hz stimulation. The average eEPSC amplitude of rab3"™” was slightly
below control levels. Scale bar: 40 nA, 30 ms. From Ehmann et al., 2014.
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Intriguingly, paired-pulse ratios and eEPSC amplitudes during high frequency
stimulation were equally reduced in both mutants (Figure 18a), which leads to the
question whether synaptic depression might arise from the same origin. To test this,
recovery from synaptic depression after a high frequency train of stimuli was
investigated with stimuli of increasing interstimulus intervals (Hallermann et al., 2010b,
2010c). While both phases of recovery show a certain Ca** dependency, previous
investigations could nicely show that the first phase additionally relies on fast vesicle
supply to the AZ (Hallermann et al., 2010b, 2010c). Whereas rab3™” showed normal

nude

biphasic recovery, brp™" exhibits a slow initial phase of recovery, followed by an
unaltered second phase, indicating dissimilar sources of synaptic depression in both

mutants (Figure 18b).
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Figure 18 Functional characterization of different AZ states. (a) Example traces
(normalized amplitude of the first eEPSC, 30ms interstimulus interval) of paired-pulse
recordings at the larval NMJ. Both, paired-pulse recordings and high frequency stimulation at
60 Hz (b) showed similar synaptic depression in both mutants. Whereas recovery in rab3™" is
unaltered, brp™% showed a slowed initial phase of recovery, followed by normal recovery of the
slow phase. Scale bar: 30 nA, 30 ms. From Ehmann et al., 2014.
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4.4.2 Mechanistic interpretation of AZ function

Alterations in neurotransmission can be described by changes in N, p,, and the rate of
vesicle reloading at release sites (k+;). To extract quantitative information on these
parameters and thus on the origin of synaptic depression in both mutants, an established
modelling approach was applied [see chapter 3. Materials and Methods; (Hallermann et
al., 2010b; Weyhersmiiller et al., 2011)]. In principle, a postsynaptic contribution to
synaptic depression is possible, previous studies on both mutants however, allowed to
focus on presynaptic parameters. Therefore, two constrained STP models were chosen
to simulate high frequency stimulation and the recovery thereof (Figure 19a, modelling

parameters: Table 3).
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Figure 19 Quantitative description of synaptic depression. (a) Model 1 (blue; encompassing
one pool of RRVs refilled from a finite supply pool) and model 2 (green; containing two pools
of RRVs with different release probabilities) were used to describe the experimental data
(Figure 18; example fits to average data in right panel). (b) By fitting individual trains plus
recovery experiments, functional data on neurotransmitter release could be obtained (control:
n =10, brp™*: n= 10, rab3™: n = 11). The results (right panel) can distinguish between brp"*
and rab™™” phenotypes. Statistics employed Kruskal-Wallis with Dunn’s Multiple Comparison

tests. Plots show mean = SEM. From Ehmann et al., 2014.

Model 1 comprises one pool of release-ready vesicles (N) with a defined p,, that is

refilled from a finite supply pool (Ny) with corresponding refilling rates (k). In contrast,
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model 2 incorporates two pools of release-ready vesicles with heterogeneous p,,. N2 is a
small pool of SVs with a high p,, that is supplied from pool N/, which contains more
SVs possessing a lower p,, (Figure 19 a; Table 3; chapter 3. Materials and Methods).

For brp™%, both models delineate a regular number of RRVs that possess an average p,.-
while synaptic depression was brought about by a decreased rate of vesicle
19b). These

electrophysiologically measured RRV pool size, unaltered Ca*" channel clustering but

replenishment (Figure results fit very nicely to a normal

impaired vesicle tethering to AZs (Hallermann et al., 2010c).

In line with previous studies (Graf et al., 2009; Peled and Isacoff, 2011), both STP
models assigned synaptic depression at rab3™” NMIJs to a decrease in RRVs while the
remaining vesicles posses a high p,. (Figure 19b). Given that only a few SVs are
available for release, it follows that those get rapidly depleted by stimulus onset, which

provokes synaptic depression. Vesicle reloading, however, was not impaired in rab3™?.

N Dvr ki
genotype model 1 model 2 model 1 model 2 model 1 model 2
Control 555 +57 622 +76 0.22 £0.02 0.23+0.04 | 0.61+£0.05 0.68+0.1
brp™® 612 + 64 663 + 68 0.2+0.01 0.19+0.01 | 0.42+0.04 0.42+0.03
rab3"™” 246 £ 27 263 +30 0.54 +£0.09 0.53+0.09 | 0.54+0.05 0.58 £0.07

Table 3 Modelling parameters. Data are presented as mean £ SEM. Numbers of individual
fitted experiments; control: n = 10; brp™*: n = 10; rab3™: n = 11. Kruskal-Wallis tests with
Dunn’s Multiple Comparison tests delivered the following levels of significance. From Ehmann
etal., 2014:

Noodel 1 P =0.0002, Control vs. brp™% P > 0.05, Control vs. rab3™ P < 0.001
Nonodel 2 P =0.0001, Control vs. brp™%* P > 0.05, Control vs. rab3™ P < 0.001
DPmodel 1 P =0.002, Control vs. brp™% P > 0.05, Control vs. rab3™ P < 0.01
Pmodel 2 P =0.002, Control vs. brp™“* P > 0.05, Control vs. rab3™ P < 0.01
ki1 model 1 P =0.005, Control vs. brp™%* P <0.01, Control vs. rab3™ P > 0.05
ki1 model 2 P =0.006, Control vs. brp™* P < 0.01, Control vs. rab3™ P > 0.05
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4.5 Dissecting structure-function relationships

Through analysis of Drosophila mutants, the presented results provide evidence that
quantitative information on the CAZ ultrastructure can be connected to functional
properties of neurotransmitter release. These investigations delivered a concept of the
relation between Brp structure and function at the AZ. First, the number of release sites
scales roughly with the number of AZs per NMJ. Second, variations in release
probability correlate with the number of Brp localizations within the CAZ and third,
vesicle trafficking speed is reflected by the spatial orientation of Brp within individual

CAZ units (Figure 20).
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Figure 20 Structure-function relationships at the Drosophila AZ. Summary of the results
obtained trough confocal microcopy and quantitative super-resolution imaging of the CAZ
(Figure 15) combined with data from functional analysis of synaptic neurotransmission (Figure
19). Upper panel displays structural features of the CAZ that can be correlated with functional
determinants of neurotransmitter release (lower panel) to link AZ structure to function. Middle
panel illustrates a wt AZ (boxed region), a rab3"™” AZ and CAZ-units of brp™® (from left to
right). From Ehmann et al., 2014.

To further test this interpretation, an intrinsic physiological property of the Drosophila
NMJ was investigated. Larval muscles are innervated by two glutamatergic motor

neurons that form either large (Ib) or small (Is) boutons on the muscle (see chapter
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2.2.2). Previous studies already described a functional gradient along Ib boutons, with
larger Ca”" signals and correspondingly higher p,, at terminal boutons [Figure 21d;
(Guerrero et al., 2005; Peled and Isacoff, 2011)]. Generally, type Ib boutons are
relatively large and contain a multitude of AZs (Atwood et al., 1993). Relatedly, a
functional gradient in p,, could result from different AZ densities along the axonal
branch with an accumulation in terminal boutons. Interestingly, such variations in
overall AZ density along the axonal branch have not been detected (Guerrero et al.,
2005; Peled and Isacoff, 2011). Hence, a structural match that could describe the

gradient in functional properties is still missing.
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Figure 21 Structural gradient along Drosophila Ib motor neurons. (a,b) Epifluorescence
images of a Ib motor neuron stained against the neuronal membrane marker HRP (horseradish
peroxodidase, grey) and anti Brp (red). Staining displays type Ib and type Is motor neurons
(arrowheads). Ib boutons are numbered beginning at the distal end (in the lower left corner a
neurite passes by the NMJ). (b) The corresponding Brp signal can be clearly allotted to
individual boutons (a). Enlarged boxed regions show examples of CAZs imaged with dSTORM
from distal and proximal boutons. (¢) Quantification of ISTORM images reveals larger CAZs
and more Brp molecules at terminal boutons that gradually decrease along the Ib motor neuron
(Ib bouton number 1 — 6 £ distal — proximal boutons). This structural gradient closely
matches the functional one (d). Scale bars: (a) 5 um (b) 200 nm (magnifications). (a-c) From
Ehmann et al., 2014. (d) Upper panel from Peled and Isacoff, 2011; Lower panel from Guerrero
et al., 2005.

Consequently, dSTORM was employed to test for different nanoscopic properties of
Brp at wt Ib boutons. The results resolve a clear gradient in CAZ area (Ib distal: 0.136 +
0.006 um” SEM, n = 269 CAZs; Ib proximal: 0.099 + 0.008 um”> SEM, n = 105, rank
sum test P < 0.001) and Brp molecules per CAZ (Ib distal: 1583 + 77 localizations
SEM, n = 269 CAZs; Ib proximal: 1200 + 110 localizations SEM, n = 105, rank sum

test P = 0.003) along the motor neuron (Figure 21). Here, the largest values can be
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found in terminal boutons, which reflects a structural correlate that closely matches the

functional gradient [Figure 21d; (Guerrero et al., 2005; Peled and Isacoff, 2011)].

For type Is motor neurons no functional gradient has been described. Moreover, it was
previously reported that Is boutons posses a higher p,, than their Ib counterparts,
whereby this functional property is independent of the number of T-bars per AZ
(Atwood et al., 1993; Kurdyak et al., 1994; Feeney et al., 1998). Correspondingly,
analysis of the CAZ ultrastructure in Is boutons revealed similar numbers of Brp
localizations at Ib and Is boutons (Ib: 1510 + 93 SEM, n = 20 NMJs; Is: 1282 £ 78, n =
21 NMJs, rank sum test P = 0.074; Figure 22a), though the CAZ of Is boutons is slightly
smaller (Ib: 0.1235 + 0.005 umz SEM, n = 20 NMls, 1255 CAZs; Is: 0.0992 + 0.005
um” n = 21 NMJs, 1042 CAZs, rank sum test P = 0.002; Figure 21a). A structural
gradient along type Is motor neurons was not found (CAZ area: 0.1121 + 0.009 pm’
SEM (distal), n = 108, 0.1141 + 0.01 pm? (proximal), n = 77, rank sum test P = 0.575;
Localizations/CAZ: 1380 = 120 SEM (distal), n= 108, 1433 £+ 130 (proximal), n = 77,
rank sum test P = 0.445; Figure 22b).
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Figure 22 CAZ ultrastructure of type Is boutons. (a) Qantification of ISTORM data shows
that the average CAZ of type Is boutons is slightly smaller compared to Ib CAZs. Both display
similar numbers of Brp localizations. In contrast to type Ib CAZs, a structural gradient along the
Is motor neuron was not detected (b). From Ehmann et al., 2014.
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D, Discussion

5.1 Localization microscopy of the CAZ nanostructure

To the best of my knowledge, the results obtained in this thesis report the first
successful application of localization microscopy, namely dSTORM to Drosophila

AZs.

In order to assure a high signal to noise ratio, which leads to superior resolution in
dSTORM imaging, primary antibody specificity is enormously important. As can be
recognized from density-based cluster analysis, unspecific background labelling was in
the range of ~ 1% taking into account all localizations detected. Additionally, the size of
the antibody complex as well as the used fluorophore can critically influence image
quality. As resolution increases, the accuracy of localization for a given epitope is
limited by the dimension of the antibody bridge (Amiry-Moghaddam and Ottersen,
2013; Sauer, 2013). Commonly used IgGs have a size of ~ 8-10 nm (Weber et al., 1978;
Sauer, 2013). Using a primary-secondary antibody system, employing two IgGs will
increase the antibody complex to 20 nm, not taking the additional size of the
fluorophore into consideration. Hence the large size of the complex can lead to stronger
epitope shielding. As a consequence epitope accessibility might be decreased and/or the
apparent size of the structure of interest could be enlarged (Sauer, 2013). To reduce
dimensions, primary antibodies can be directly labelled, which might cause difficulties
in quantifying single molecules or smaller antibodies can be used. In the present work, a
secondary F(ab'),-fragment was used, which decreases the size of the antibody
fluorophore complex by ~ 20 % (Amiry-Moghaddam and Ottersen, 2013). Another
possibility to reduce antibody dimensions is the application of nanobodies, small
camelid antibodies, directed against genetically expressed fluorescent proteins (Ries et
al., 2012; Winterflood and Ewers, 2014). Nanobodies are 1.5 x 2.5 nm large and have a
molecular mass of 13 kDa (Sauer, 2013). Thus the size of the antibody complex is
reduced to about one third (Ries et al., 2012). However, since genetic expression of
fluorophore-labelled proteins is necessary, this system is not suitable for detection of

endogenous protein levels.
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As can be seen in Figure 11, the employment of CyS5 is justified by appreciating the
image quality and localization precision obtained with CyS5 in comparison to A700 and
AS532, which could well be used for 2-channel dSTORM recordings. One reason for
superior resolution could be enhanced fluorescence quantum yield and improved
photostability of organic fluorophores, such as CyS5, in addition to its particularly small

size [~ 1 nm; (Sauer, 2013)].

The application of dSTORM to Drosophila AZs nicely showed a new level of Brp
organization within the CAZ into modules termed CAZ-units (Figure 10d1,d2).
Considering their size (0.095 + 0.003 pm” SEM), a CAZ-unit is most likely analogous
to a doughnut imaged by STED or a T-bar detected with EM (Atwood et al., 1993;
Kittel et al., 2006). An explanation for the modular arrangement of the CAZ, containing
several CAZ-units within one AZ, could be provided by keeping in mind that one
synapse can harbour more than one T-bar. Interestingly, by dividing the number of
localizations per AZ [1257 £+ 89 localizations (SEM); Table 2] by the number of
localizations per CAZ-unit [1020.5 + 42.7 localizations (SEM); Table 1], an AZ will
comprise on average 1.2 CAZ-units, which fits very well with the number of T-bars per
synapse (Atwood et al., 1993; Feeney et al., 1998). At the moment, one can only
speculate about the role of these modules for synaptic function but a particularly
interesting question is whether this organization is matched by a similar arrangement of

glutamate receptor fields at the postsynaptic membrane.

In recent years, SRM has begun to enter the field of neuroscience but it still has to prove
itself as a reliable procedure to obtain new cellular insights (Lippincott-Schwartz and
Manley, 2009). Therefore analytical tools, which allow quantitative image analysis in
order to interpret biological processes must be developed (Bar-On et al., 2012). The
implementation of a density-based clustering algorithm provided means to investigate
the distribution of Brp within the CAZ and to quantify its supramolecular arrangement
(Figure 12). This substantiated the visual interpretation of dSTORM images and
additionally contributed essential information on Brp clusters. Taking into account their
structural properties, these clusters most likely match the multiprotein filaments
detected with EM (Jiao et al., 2010) and also the ~ 9 ‘dots’ per AZ observed with STED

microscopy (Matkovic et al., 2013). Interestingly, a substantial fraction of Brp is not
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directly incorporated in clusters but might reside ‘freely’ within the CAZ (Figure 12).
This is quite surprising, since at the moment, the biological significance of such ‘free’
Brp molecules is unknown. Using nanoscopy methods, it was previously found that
Syntaxin, which is part of the SNARE complex, displays a clustered organization within
the plasma membrane (Sieber et al., 2006, 2007). This structural arrangement was
refined by the application of dSTORM that demonstrated three different stages of
Syntaxin organization: densely packed into the cluster core (with an even density), with
a gradual decrease in density towards the rim of the cluster and as single molecules
diffusing outside the clusters (Bar-On et al.,, 2012). Using modelling, this study
suggested a highly reactive state for single Syntaxin molecules while the clustered
proteins provide a reserve pool of non-reactive Syntaxin, which could be made ready
and released over the clusters periphery (semi-reactive). At the moment, there is no
evidence for such a role of ‘free’ Brp molecules. However, it would be extremely
interesting to investigate if single molecules get released or incorporated in Brp clusters
during synaptic plasticity and if their diffusion at the AZ is restricted by other CAZ

constituents as it is the case for Syntaxin (Bar-On et al., 2012).

Another question that derives from the cluster analysis is: Why are Brp clusters
elliptical? A possible answer could be provided by the spatial arrangement of
fluorophores around Brp filaments. As mAb Brp"“** will bind around Brp filaments,

aligned along the proteins long axis (at the level of mAb Brp"®*

epitope; Figure 13a;
Figure 23), the localizations of single fluorophores will be separated by roughly 53 nm
[antibody complex (13 nm) + filaments diameter (10 nm) + localization precision (6-7
nm standard deviation, 17 nm FWHM); Figure 23b]. However, since filaments may
bend outwards (Jiao et al., 2010; Wichmann and Sigrist, 2010), the filaments’ long axis
will be perpendicular to the optical axis and the filament diameter of ~ 10 nm will not
contribute to the calculation in z. This leads to a decreased projected spacing of
localizations along the z-axis of about 43 nm in x and y. This calculation is in good
agreement with the results obtained from cluster analysis [60 nm (long axis diameter) x
40 nm (short axis diameter)]. Correspondingly, the widest separation of fluorophores

occurs for Cy5 molecules bound to opposite sides of the filament in line with the CAZ-

unit circumference, which leads to an elliptic shape of filaments in the analysis.
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a optical axis b

Figure 23 Organization of fluorophores around Brp filaments. (a) Schematics of a CAZ-
unit with approximated mAb Brp"“** epitope in blue. Red line denotes optical axis for a CAZ-
unit viewed en face. (b) Slice trough a single CAZ filament [magnification of boxed region in
(a)] at the mAb Brp"“** binding side illustrates the orientation of antibody complexes [mAb
Brp"“* and Cy5-labelled (red) F(ab'), fragment] around Brp epitopes aligned along the proteins
long axis. We calculate that 7 Brp molecules contribute to one filament of ~ 10 nm diameter
(see chapter 4.2). For clarity only 4 antibody fluorophore complexes are shown. Considering the
size of the antibody complex, the filaments’ diameter and the localization precision,
localizations of single fluorophores are estimated to be separated by 53 nm. As filaments may
bend outwards from the CAZ-unit centre, the apparent distance of fluorophores separated in z
decreases to 43 nm. From Ehmann et al., 2014.

5.2 Quantifying the substructural organization of Brp in the CAZ

Determining the precise number and position of molecules in a biological sample has
been described as the ‘holy grail’ of immunocytochemistry (Amiry-Moghaddam and
Ottersen, 2013). As already mentioned, the size of the antibody bridge will always
influence the precision of localization that can be obtained for a single molecule.
Additionally, the use of antibodies themselves demands carefully conducted reference
experiments to ensure a robust quantification of imaging data. Localization microscopy
with photoactivatable fluorescent proteins might therefore present the method of choice
for protein quantification (Betzig et al., 2006; Hess et al., 2006). Here, one can take
advantage of specific stoichiometric labelling of the target molecule. This, however,
requires genetic expression of a fluorescently tagged protein, which has to be checked

carefully for proper function and targeting. Moreover, misfolded and extremely photo-
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sensitive proteins, that might bleach before exhibiting sufficient localization for
detection, as well as multiple blinking of single fluorescent proteins might complicate
the results (Sauer, 2013; Durisic et al., 2014). Recently, Puchner and colleagues
published a study on the quantification of molecules in single organelles, in which they
corrected for such false positive or false negative errors to extract quantitative
information from individual vesicles in the yeast endocytotic pathway (Puchner et al.,
2013). This study calibrated for blinking errors by genetically expressing constructs that
either contained one, two or three repeats of a photoactivatable fluorescent protein
(PAF) in yeast cells. Using this genetic background as a reference, the authors could fit
the number of detected PAFs in SRM images to the known number in cells and
determined the fraction of non-detected PAFs to be approximately 40% (Puchner et al.,
2013).

Another approach to quantify single molecules is stepwise stochastic photobleaching of
fluorophores (Sugiyama et al., 2005). Application of this technique, in combination
with dynamic and 3D nanoscopy enabled Specht and colleagues to count individual
postsynaptic proteins and receptor binding sites (Specht et al., 2013). This method,
however, is restricted to sparsely expressed proteins since the likelihood of missed
events increases exponentially with the number of molecules (Ulbrich and Isacoff,

2007).

This work focused on the quantification of endogenous proteins in their native
environment. Therefore, a standard immunocytochemical approach using primary and
dye-labelled secondary antibodies to quantify individual Brp molecules within the CAZ
was chosen. As already argued in the results section, several reference experiments had
to be conducted to extract reliable data on protein copy numbers (see chapter 4.2).
Additionally, uncertainties such as epitope accessibility, antibody affinity and multiple
cycles of on/off switching of a single fluorophore have to be taken into account. Brp
adopts an elongated polarized orientation at AZs that might naturally help to separate
epitopes along the filament circumference thus supporting epitope accessibility (Figure
23). At the moment epitope shielding, which may exist at the level of different AZs and

between genotypes cannot be excluded. Additionally, since fixation procedures can lead
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to loss of epitopes, which could influence protein numbers, the determined Brp protein

copy numbers represent an estimate.

Although specific difficulties in extracting protein numbers remain, an elaborate but in
principle secure two-colour method to count single molecules was developed (Figure
13). To demonstrate that such a quantification approach is also possible employing
other fluorophores than CyS5, part of the two-colour titration procedure was conducted
by using A532 for dSTORM imaging in combination with A700 to visualize AZs
(Figure 24).

epifluorescence

dSTORM

100% A532

10% A532

0.1% A532

Figure 24 Titration of A532-labelled secondary antibodies. Experiments were conducted
using mAb Brp"“** (1/2000) as primary antibody and specific dilutions of A532-labelled
secondary antibody (grey). Co-staining was performed with A700-labelled secondary antibody
(red) to assure an overall constant concentration of secondary antibodies (6.25 x 10° M). For
dSTORM images a sub-pixel binning of 10 nm / px was applied. Scale bar: 500 nm. From
Ehmann et al., 2014.

It has to be kept in mind, that the photoswitching behaviour of fluorophores is sensitive
towards changes in the local environment (Endesfelder et al., 2011; Sauer, 2013).

Therefore, all antibody titration experiments were conducted and analyzed within the
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structure of interest, the CAZ, to stick as tightly as possible to the local protein
surrounding. However, certain photophysical effects, like alterations in individual
photoswitching characteristics when local fluorophore density is very high (as multiple
fluorophores might influence each other’s blinking) can never be ruled out and might

complicate quantitative super-resolution microscopy.

5.3 Analysis of different AZ states

To investigate different AZ states two already published mutants with known alterations
in Brp structure and/or function were employed (Graf et al., 2009; Hallermann et al.,
2010c). Using these mutants was necessary, to dissect individual determinants of STP.
Taken together, the combined results of dSTORM imaging, electrophysiological
measurements and modelling deliver a comprehensive description of how Brp proteins

and their spatial arrangement are connected to synaptic output.

First of all, the data are in line with previous results in that p,, scales with AZ size
[Figures 151, 19b; (Holderith et al., 2012)]. In view of the modelling results, the number
of Brp positive AZs per NMJ scales roughly with the number of RRVs (Figures 15e,
19b). Such a calculation predicts on average 3 RRVs per AZ in all three genotypes (wt
2.5, brp™* 3.2, rab3™ 3.1; chapter 3. Materials and Methods). Hence, in terms of
RRVs, the almost twofold larger rab3™ CAZ cannot compensate for reduced AZ
numbers. Several lines of investigation also stated that larger AZs provide for more
RRVs (Miskiewicz et al., 2011; Weyhersmiiller et al., 2011; Holderith et al., 2012;
Matkovic et al., 2013). Interestingly, the results obtained from extremely enlarged
rab3™ CAZs cannot support this finding. A possible solution could be found in the

rup

unordered appearance of Brp at rab3"™ CAZs (Figure 15d, enlarged boxed regions). In
rab3™ mutants, the number of Brp positive AZs is severely decreased while Brp
accumulates at a subset of remaining AZs (Graf et al., 2009). This is accompanied by an
increase in fluorescence of cacophony-GFP at Brp positive sites. Therefore,

. 2 .
accumulation of Ca®" channels in rab3™

might be sufficient for increasing p,, but fails
to establish additional release sites. The higher p,, however, cannot compensate for the

loss of RRVs during elevated levels of synaptic activity. Additionally, studies at brp
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null mutant NMlJs demonstrated continuous synaptic release, while N appears
unchanged (Kittel et al., 2006; Hallermann et al., 2010b). Collectivelly, results from
both mutants point out that Brp itself is most probably not the primary determinant of a
release site. Hence, more detailed analysis of wt CAZs and their modular arrangement
into CAZ-units, together with super-resolved data on Ca”" channel clustering and
vesicle distribution within such units might provide new insights into the structural

arrangement of CAZ components, necessary to constitute functional release sites.

In most cases, measuring CAZ area suffices to obtain a basic idea on p,,. However, the
results indicate that detailed analysis of Brp protein numbers and their spatial
arrangement within the CAZ provides far more information on the ultrastructure that
influences synaptic output. This is illustrated at brp™® CAZs, which are smaller but
contain the same amount of Brp localizations (Figure 15f, Table 2) and elicit an
unchanged p,, (Figure 19b). Additionally, Brp molecules are mostly arranged at the rim
of the CAZ (Figure 15b, g). Using EM, a nearly opposite phenotype was recently
reported in a study that employed an acetylation defective mutant to investigate
structural and functional consequences on Brp. This mutation leads to spreading out of
Brp filaments, resulting in larger T-bars that can tether more SVs, a larger RRP and
enhanced synaptic transmission (Miskiewicz et al., 2011). In contrast, the smaller
brp™® CAZ is accompanied by deficient vesicle tethering and slowed vesicle
recruitment, resulting in short-term synaptic depression (Figures 18 and 19). Therefore,
vesicle tethering might influence the spatial arrangement of CAZ filaments. It is quite
conceivable that binding of SVs can lead to a distortion of Brp filaments, resulting in a
more unorganized state of the CAZ since not every filament might attach to a SV at the
same time. Conversely, it 1s also possible that the precise arrangement of Brp filaments
within the CAZ might influence its vesicle tethering capacity. While at present it cannot
be differentiated between these mechanisms, it is clear that the spatial organization of

Brp provides information on vesicle reloading kinetics.

Finally, the present work highlights how fundamentally different AZ states can give rise
to similar facets of short-term depression (Figure 18). To explain synaptic function, the
degree of paired-pulse depression is commonly associated with the extent of p,,.

However, the results together with studies that reported fast vesicle reloading
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(Hallermann et al., 2010a), transient fusion (Zhang et al., 2007) and release site
clearance (Neher, 2010b) show that interpretation of functional data is a delicate issue.
Here, the detailed analysis of the CAZ ultrastructure could contribute to test alternative

interpretations of synaptic depression.

5.4 Dissecting structure-function relationships

Making use of the high resolution provided by dSTORM a structural gradient along
Drosophila Ib motor neurons could be found (Figure 22). This feature has not been seen
before (Peled and Isacoff, 2011), most probably due to the diffraction-limited resolution
of light microscopy. However, preceding studies already found a functional gradient
along this glutamatergic neuron by employing genetically expressed Ca’" sensors
(Guerrero et al., 2005; Peled and Isacoff, 2011). This study reported on low- and high-
probability release sites that can be directly located next to each other within the same
bouton, while the largest fraction of high-probability release sites was found in boutons
at the end of the axon (Peled and Isacoff, 2011). These results are in good agreement
with a previously reported heterogeneity of synaptic strength along Ib motor neurons
using presynaptic Ca’" imaging (Guerrero et al., 2005). The results presented in this
thesis constitute a mechanistic basis for the reported functional diversification of AZs

(Guerrero et al., 2005; Peled and Isacoff, 2011).

In the case of Is boutons, a functional gradient was not described yet and we did not
find any structural gradient along the Is motor neuron. Recently, this result was
corroborated by a study that employed electrophysiology in combination with confocal
and super-resolution microscopy to show that Brp and Synaptotagmin functionally
interact to spatially differentiate AZs (Paul et al., 2015). It was previously reported that
AZs of Is neurons posses a higher p,. than their Ib counterparts, which is not
accompanied by an increased number of T-bars per AZ (Atwood et al., 1993; Kurdyak
et al.,, 1994; Feeney et al., 1998). Similarly, in comparison to type Ib synapses, we
found normal numbers of Brp localization at Is CAZs, though the CAZ was slightly
smaller (Figure 22). Here, p,, does not seem to scale directly with CAZ size or Brp

localization. Intriguingly, Is boutons posses larger SVs than Ib boutons (Karunanithi et
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al., 2002). Using electrophysiology in combination with EM, Karunanithi and co-
worker could show a linear relationship between vesicle diameter and quantal size, in
which larger vesicles can release more neurotransmitter to maximize their influence on
neurotransmission (Karunanithi et al., 2002). Furthermore, theoretical studies on Ca*’
dynamics indicate that larger vesicles get released with a higher probability, due to a
greater accumulation of Ca®” under their surface (Glavinovié¢ and Rabie, 2001). Such
large vesicles might present a diffusion barrier for free Ca®" and alter its spatial profiles
during fast Ca*" influx. Moreover, they are supposed to bind more fixed Ca*" buffers at
the plasma membrane, which could act as ‘memory elements’ to further enhance p,,
during stimulation (Glavinovi¢ and Rabie, 2001). This, together with the present results
obtained for Is boutons, emphasizes again that Brp is not the sole determinant of p,, and

motivates detailed ultrastructural analysis of other AZ components.
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6. Condusion & Outlook

The precise description of synaptic function demands a clear understanding of the
nanoscopic organization of proteins within AZs that influences neurotransmission.
Biochemical and functional studies have already delivered a wealth of valuable
information on the molecular composition of AZs and its impact on synaptic output.
However, without direct ultrastructural access to this nanodomain, knowledge about

molecular structure-function relationships remains incomplete.

Several SRM techniques are already available that yield the capacity to localize proteins
on the nanometer scale and resolve components of macromolecular arrangements in
their native environment. Here, localization microscopy might capture an outstanding
position since it can provide truly quantitative information on single molecules (Specht
et al., 2013; Ehmann et al., 2014). In the end, however, combined approaches will help

to deliver a clear structural and functional understanding of AZs.

Correlative approaches such as combining SRM with biochemistry (Wilhelm et al.,
2014), EM (Watanabe et al., 2011) and array tomography (Nanguneri et al., 2012)
present auspicious perspectives for elucidating the nanostructure of AZs. Yet, as
resolution increases and quantitative information becomes increasingly important in the
neurosciences, sophisticated analyses are required to interpret the depth of data obtained
by SRM (Bar-On et al., 2012). Additionally, valuable knowledge on AZ structure-
function relationships could be gained by spatially resolving dynamic information. This
approach, however, demands technical developments to increase image acquisition
speed in order to monitor molecular dynamics with both: high temporal and spatial

resolution.

A particular exciting question that might be answered by correlative approaches is the
spatial arrangement of Ca’’ channels at the AZ (Figure 25). Ca’" channels have a
fundamental impact on neurotransmission by governing excitation-secretion coupling.
While electrophysiological studies in combination with Ca®" imaging, Ca®" uncaging
and modelling have already delivered predictions of Ca®" channel numbers and their

arrangement (Stanley, 1993; Meinrenken et al., 2002; Schneggenburger and Neher,
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2005; Sheng et al., 2012), direct information on their nanoscopic positioning is still rare

(Haydon et al., 1994; Feeney et al., 1998; Holderith et al., 2012; Indriati et al., 2013).

(™1 Ca?* channel

ited fluorescence Microscopy Localization Electron
Confocal Microscopy Microscopy

Figure 25 Microscopy of Drosophila AZs. Gradual increase in resolution is shown from left to
right. (a) shows a Drosophila nerve muscle preparation (stained with Phalloidin, a marker
against F-Actin) imaged with epifluorescence micrsocopy. (b) depicts a neuromuscular junction
[left panel; stained with mAb Brp"“** (magenta) and against postsynaptic GIuRIID (cyan)], a
single bouton (upper panel) and a synapse [(lower panel); arrowheads indicate enlarged
regions]. (¢) SSTORM image of an AZ stained with mAb Brp"“** (magenta) and against Ca*"
channels [(green); nanobody recognizes a GFP-tagged al-subunit of the cacophony Ca®*
channel; (Kawasaki et al., 2004)], viewed en face (optical axis perpendicular to AZ membrane,
upper panel) and from the side (optical axis parallel to AZ membrane, lower panel; cf. d). (d)
displays an electron micrograph of the AZ with electron dense pre- and postsynaptic membranes
as well as the T-bar that streches out into the cytoplasm. Electron micrograph kindly provided
by C. Wichmann and S.J. Sigrist. Scale bars: (a) 1 mm; (b) 10 um (NMJ), 1 um (bouton), 500
nm (synapse); (c, d) 200 nm. From Ehmann et al., 2015.

In the context of this thesis, it would be highly interesting to quantify the number and
precise arrangement of Ca>" channels at the Drosophila NMJ especially at rab3™ AZs
that contain more Brp localizations but fail to establish more release sites. This might be
due to a disordered localization of Ca*" channels. Additionally, rab3™ mutants exhibit
an extremely enlarged CAZ and lack the modular composition that can be found in
controls. Here, the number and nanoscopic arrangement of Ca®" channels in relation to
Brp could contribute to our understanding of how these modules are built and what their

physiological meaning could be.

A further promising alternative for correlative studies is the combined application of
SRM and optogenetics. The term optogenetics derives from the use of ‘light-responsive

proteins’ (opto-) that are genetically expressed [-genetic; (Miesenbock, 2009)].
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Although a variety of such light-sensitive proteins exist (Grote et al., 2014), the
discovery of Channelrhodopsin-1 [ChR1; (Nagel et al., 2002)] and in particular
Channelrhodopsin-2 [ChR2; (Nagel et al., 2003)], as light-sensitive cation channels,
provided means to examine neural circuits using light (Deisseroth, 2011). At present,
ChRs are used in a multitude of laboratories (Grote et al., 2014) to trace functional
connections, to study the mechanisms of activity regulation in circuits or to examine the

neural basis of behaviour (Miesenbock, 2009).

Recently, we exploited the excellent genetic accessibility of the Drosophila NMJ to
induce activity-dependent synaptic plasticity via ChR2 in defined synaptic
compartments (Figure 26). This work aimed to get a better mechanistic understanding
of the coupling between synaptic activity and synapse development. Interestingly, we
could reveal that postsynaptic changes in GluR subunit composition follow a Hebbian

rule of plasticity (Ljaschenko et al., 2013).

At the Drosophila NMJ, GluRs can be categorized as non-NMDA-type and assemble as
heterotetramers that contain GIluR-IIC/III, IID and IIE subunits while GluRIIA and
GIuRIIB can be exchanged (Marrus et al., 2004; Featherstone et al., 2005; Qin et al.,
2005). Incorporation of GIuRIIA or GluRIIB subunits results in different physiological
properties of the receptor field (DiAntonio et al., 1999; Qin et al., 2005; Schmid et al.,
2006, 2008; Ljaschenko et al., 2013). In vivo imaging has delivered substantial
information on the maturation of the Drosophila NMJ (Rasse et al., 2005; Schmid et al.,
2008) and on the incorporation of specific GluR subunits into receptor fields during
synapse development (Schmid et al., 2008). Beginning with the incorporation of
GIuRIIA subunits at immature synapses, maturation of the opposed presynaptic AZ
leads to GIuRIIB subunit integration until an even ratio is reached at mature synapses
(Schmid et al., 2008). Additionally, differential subunit expression results in a specific
spatial pattern of receptor fields in that GIuRIIA containing receptors are more
frequently located opposite of low p,, sites (Marrus and DiAntonio, 2004; Schmid et al.,
2008).

Building upon this understanding, we expressed ChR2 presynaptically (‘pre’),
postsynaptically (‘post’) or in both compartments (‘pre & post’; Figure 26) and
analyzed GIuRIIA subunit distributions following different light-stimulation paradigms.

76



6. Condusion & Outlook

In summary, we found that correlated pre- and postsynaptic activity led to synapse
specific incorporation of GIuRIIA subunits into receptor fields while presynaptic
stimulation in the absence of postsynaptic depolarization provoked GIuRIIA removal.
These findings led to a physiological model that links development to activity-
dependent Hebbian synaptic plasticity at the Drosophila NMJ (Ljaschenko et al., 2013).

‘Pre’ ‘Post’ ‘Pre & Post’

o-HRP B

a-ChR2

merge

Figure 26 ChR2 expression in individual synaptic compartments. Antibody staining against
neuronal membranes (a-HRP; grey) and ChR2 (a-ChR2; blue) in different genetic situations.
‘Pre’ (presynaptically expressed in motor neurons; ok6-gal4>>UAS-chop2), ‘Post’
(postsynaptically expressed in muscles; g7-gal4>>UAS-chop2) and ‘Pre & Post’ (expressed in
both synaptic compartments). When ChR2 is expressed in postsynaptic compartments, a strong
signal can be detected in muscles, possibly owing to the large membrane surface of the SSR.
Example images of NMJs are maximum projections. For VG (ventral ganglion) only 3 optical
slices were projected. Scale bar: 30 pm. From Ljaschenko et al., 2013.

Although physiological consequences of alterations in GluR composition have already
been successfully studied, information on the precise ultrastructural arrangement of
postsynaptic glutamatergic receptor fields is still missing. In Drosophila specifically
tagged GIuR subunits are available that were shown to preserve full physiological
functionality (Rasse et al., 2005; Schmid et al., 2008). Exploiting such transgenic
strategies, SRM of postsynaptic receptor fields and quantification of their GluR content
is possible. Here, antibody titration approaches like the one presented in this thesis
might contribute to shed light on the number and nanoscopic distribution of GluRs
within individual fields in situ. Such analyses will help to clarify if postsynaptic
receptor fields follow a similar modular arrangement like their presynaptic counterparts

(Figure 10). If so, are two adjacent units equipped with the same GluR composition or
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are they regulated at a sub-synaptic level? This information can be linked with
functional data obtained by electrophysiological recordings to correlate structural with

functional estimations of GluR number per synapse.

Despite its benefits, the application of ChR2 for behavioural studies in adult Drosophila
has been restrained by high light intensities that are necessary to permeate the
pigmented cuticle and activate channels. Therefore, we collaborated with Georg Nagel,
University of Wiirzburg, to introduce a new ChR2 variant, termed ChR2-XXL (eXtra
high eXpression and Long open state) to Drosophila. In contrast to other ChR variants,
this mutant does not require additional retinal food supplementation, which is likely due
to its higher affinity for endogenous retinal. We demonstrated improved localization

(Figure 27), an extraordinary long open state-state lifetime and the largest currents of all

A .

Figure 27 ChR2 localization patterns. Antibody staining against ChR2 (a-ChR2, green) and
neuronal membranes (a-HRP, magenta) in different ChR2 mutants, all driven with ok6-gal4. In
the VNC (ventral nerve cord; left panel) ChR2-wt was restricted to motor neuron cell bodies
(arrow), while ChR-T159C and ChR2-XXL showed expression in motor neuron axons, leaving
the VNC (arrowheads). At the NMJ, ChR2-XXL as well as ChR2-T159C are present while
ChR2-wt could not be detected. For example images of VNCs only 3 images were maximum
projected. NMJs are maximum projected, except ChR2-T159C were only one optical slice is
shown. Scale bars: 30 um (VNC), 10 um (NMJ). From Dawydow et al., 2014.

published ChR variants so far (Dawydow et al., 2014).

VNC NMJ
ChR2-wt ChR2-wt

In addition, we introduced a different ChR2 variant [ChR2-T159C; (Berndt et al.,
2011)] to flies that exhibits similar advantageous features albeit to a lesser extent. The

high light sensitivity of both ChR2 variants was tested in 3 different behavioural
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paradigms using adult Drosophilae: monosynaptic proboscis extension reflex,
polysynaptic courtship behaviour and associative learning, in collaboration with André
Fiala, University of Gottingen. Predictably, ChR2-T159C required more light compared
to ChR2-XXL, where even low light intensities (~ 1 pW/mm?®) were sufficient to write
associative olfactory memories. Therefore, we expect that especially ChR2-XXL will be
of great interest to applications where sufficient light delivery but not temporal
precision presents the limiting factor (Dawydow et al., 2014). The development of such
powerful optogenetic tools constitutes an ideal entry point to study complex
physiological processes in adult Drosophilae. In order to interrogate if mechanisms like
learning and memory are associated with structural alterations in specific CAZ
components, such a project could exploit precise cell-specific targeting of recently
introduced ChR-variants to the presumed side of learning and memory, the mushroom
body (Heisenberg, 2003). Thus, non-invasive activity-dependent manipulation of
mushroom body neurons in adult Drosophila is applicable. By employing this in order
to write memories through light using different learning paradigms, the combination
with SRM techniques will provide an extraordinary opportunity to clarify if memory

traces can be found in the precise architecture of the AZ.
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8. Ablreviations

A. AreviotoNs

2D = two dimensional

3D = three dimensional

A488 = Alexa Fluor 488

AS532 = Alexa Fluor 532

A700 = Alexa Fluor 700

AZ = active zone

BAPTA = 1,2-bis(o-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid)
Brp = Bruchpilot

Ca’" = calcium

CaCl; = calcium chloride

CAST = CAZ-associated structural protein

CAZ = cytomatrix associated with the AZ

DBSCAN = density based spatial clustering of applications with noise
ChR1 = Channelrhodopsin 1

ChR2 = Channelrhodopsin-2

cm = centimeter

DLiprin-a = Drosophila Liprin-a

DMSO = dimethyl sulfoxide

dSTORM = direct stochastic optical reconstruction microscopy
Dsyd-1 = Drosphila Syd-1, synapse defective-1

e.g. = for example, exempli gratia

eEPSC = evoked excitatory current

EGTA = ethylene glycol tetraacetic acid

EM = electron microscopy
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Eps = epsilon; distance between neighbours
FWHM= full width at half maximum
GDP = guanosine diphosphate

GFP = green fluorescent protein
GluR = glutamate receptor

GTP = guanosine triphosphate

H,0 = water

HCI = hydrogen chloride

HEPES = 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
HL-3 = haemolymph like solution
HPF = high-pressure freezing

HRP = horseradish peroxidase

1.e. = that is, id est

Ib = type I big boutons

Is = type I small boutons

KCI = potassium chloride

kDa = kilo Dalton

kW = kilowatt

LTD = long-term depression

LTP = long-term potentiation

MEA = mercaptoethylamine

MgCl, = magnesium chloride

minis = miniature EPSCs

mm = millimeter

mM = millimolar; M = molar

mV = milli Volt

8. Ablreviations
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MQ = mega Ohm

N = number of release sites or number of RRV
NA = numerical aperture

Na,HPO4 = di-sodium hydrogen phosphate
NaCl = sodium chloride

NaH,PO4 = sodium di-hydrogen phosphate
NaHCO; = sodium bicarbonate

NaOH = sodium hydroxide

NGS = normal goat serum

nm = nanometer (10” meter)

NMDAR = N-methyl-D-aspartate receptor

NMJ = neuromuscular junction

NSOM = near-field scanning optical microscopy

P = permeability coefficient

PALM = photo-activated localization microscopy

PBS = phosphate buffered saline

pF = pico Farad

PFA = paraformaldehyde

PSF = point-spread function

pw = release probability

px = pixel

RBP = RIM binding protein

RIM = Rab3 interacting molecule
RNAI = ribonucleic acid interference
RRP = readily releasable pool

RRYV = readily releasable vesicles

8. Ablreviations
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8. Ablreviations

rup = running-unapposed

s.d. = standard deviation

SIM = structured illumination microscopy

SM = Sec1/Muncl8-like

SNARE = soluble N-ethylmaleimide-sensitive factor attachment receptor
SRM = super-resolution microscopy

SSIM = saturated-SIM

STED = stimulated emission depletion

STP = short-term synaptic plasticity

SV = synaptic vesicle

TEVC = two electrode voltage clamp

TIRF = total internal reflection microscopy

U/ml = units per milliliter

Vemd = command potential

VLM = ventral longitudinal muscles

V,, = resting membrane potential

VNC = ventral nerve cord

w/v = measure of concentration: weight of solid per total volume of solution (%)
wt = wildtype

XXL = eXtra high eXpression and Long open state
pm = micrometer (10" meter)

uW = microwatt
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