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Summary

Voltage-gated calcium-channels (VGCCs) are indispensable for neuronal information
processing. The different functions mediated by VGCCs are dependent on their conductance,
activation and inactivation kinetics and their location in different compartments. These include
exocytosis of synaptic vesicles from presynaptic terminals, generating of plateau potentials,
modifications of action potential-shape, frequency, and propagation along the axon, as well as
amplification of postsynaptic potential in dendrites. In Drosophila there are three different
genes for VGCCs: DmCalD (Cavl), DmCalA (Cav2) and DmCalG (Cav3), each of which is

homolog to one vertebrate family.

This work addresses the functions of DmCalD L-type channels in different compartments of
larval motoneurons. In collaboration with other members of the Duch lab we show that axonal
and dendritic DmCalD channels increase motoneuron firing rates. Ca?* influx into motoneuron
dendrites may amplify postsynaptic potentials, thus increasing firing rates and burst durations.
During high frequency motoneuron firing, Ca?* influx through axonal DmCalD channels
causes fast de-inactivation of sodium channels via transient BK channel activation, thus
shortening the refractory period. Therefore, in Drosophila larvae axonal and dendritic DmCalD
channels enhance motoneuron firing and thus synaptic vesicle release to the muscle. Based on
these findings | then focused on the question whether DmCalD channels may also enhance

synaptic vesicle turn-over.

In Drosophila, synaptic vesicle release requires presynaptic Ca?* influx through DmCalA
channels at active zones. In multiple systems, including the Drosophila neuromuscular
junction, the recycling of synaptic vesicles is also affected by Ca?*. | provide evidence that
DmCalD channels mediate presynaptic Ca®* influx to enhance synaptic vesicle retrieval at
larval motoneuron terminals. DmCalD channels localize to the periactive zone of motoneuron
synaptic terminals, but there is no co-localization with the active zone marker Bruchpilot.
Localization is in agreement with a potential role in synaptic vesicle endocytosis. This is further
supported by increased synaptic depression upon genetic manipulation of presynaptic DmCalD
channels. Moreover, pharmacological blockade of DmCalD reduces SV endocytosis while
exocytosis is likely not affected. In sum, localization of DmCalD to three different
compartments of motoneurons provides three separate mechanisms that cooperatively augment

maximum motoneuron firing rates with sustainable information transfer to the muscle.



1 Introduction

Throughout the nervous system calcium ions fulfill two important functions. First, they act as
intracellular messengers thereby regulating numerous cellular processes. Second, they are
charge carriers when passing the membrane through Ca?* channels (Clapham 1995; Campiglio
& Flucher 2015). As second messenger Ca?* takes part, amongst others, in neurotransmitter
release and the regulation of enzymatic processes (Tsien 1988; Catterall 2000; Kawasaki et al.
2004). To address these tasks calcium ions need to be precise in concentration and location. At
rest, [Ca?")i lies at ~100 nM. To initiate synaptic vesicle exocytosis, a concentration from 10-
100 uM has to be achieved (Xiong et al. 2002; Guo et al. 2005). Calcium concentrations above
physiological doses are toxic for the neuron (Berridge 1998). Besides, neurons are equipped
with several mechanisms to reduce [Ca?*], local elevations in calcium concentration are needed
to initiate Ca?* regulated processes (Clapham 1995). Calcium can either be released from
internal stores, like the endoplasmatic reticulum, or by passage through the membrane via
calcium channels from the extracellular space. Activity dependent Ca?* influx is given by
voltage-gated calcium channels (VGCCs) which open at depolarizing membrane potentials
(Berridge 1991). In Drosophila there are three genes for VGCCs (Littleton & Ganetzky 2000).
Localization and function of these channels are still not completely clarified. We use
motoneurons to directly measure the effect on motor output (Heckmann 2003). In this study we

focus on localization and function of the DmCalD channel in larval motoneurons.

1.1 The dual role of calcium ions in neurons

By passing the membrane through calcium channels, calcium ions are charge carriers and
additionally, they act as intracellular messengers (Clapham 1995; Campiglio & Flucher 2015).
Because the extracellular Ca?* concentration of 2 mM is 20,000 times higher than the cytosolic
Ca?* concentration (100 nM Ca?*), the opening of calcium channels will force Ca?* along its
electromotive force into the cell, which in turn causes a membrane depolarization (Berridge
1993; Clapham 1995). As second messenger Ca?* takes part for example in muscle contraction,
cell growth, hormone and neurotransmitter release, membrane excitability, homeostasis of
neuronal activity, gene expression and the regulation of enzymatic processes (Tsien et al. 1988;
Tsien & Tsien 1990; Hardingham et al. 1997; Dolmetsch et al. 1998; Turrigiano 1999; Catterall
2000; Davis & Bezprozvanny 2001; Marder & Prinz 2002; Kawasaki et al. 2004; Peng & Wu

2007). Consequently, the cytosolic Ca?* concentration has to be strictly regulated to allow



normal cell function. This is mainly achieved by Ca?*-buffering proteins (Allbritton et al. 1992),
Na?*/Ca2* exchangers (Reuter & Seitz 1968; Baker et al. 1969; Dipolo & Beaugé 2006) and P-
type ATPase pumps. Aforementioned pumps consume 1 to 2 ATPs to convey one Ca?* ion into
cell organelles like the endoplasmic reticulum (ER) or the extracellular space. The most famous
family of pumps is the sarcoplasmic endoplasmic reticulum Ca®* ATPases, better known as
SERCA-pump, which transports Ca®* into ER or SR (sarcoplasmic reticulum) (Pederson &
Carafoli 1987; Lytton and MacLennan 1988; Gunteski-Hamblin et al. 1988; Lytton et al. 1989;
Burk et al. 1989; Clapham 1995). High ER Ca?* concentrations serve as reservoir of Ca?* for
intracellular signaling, and furthermore, calcium ions are required in protein synthesis and
processing in the lumen ER. Finally, high cytosolic Ca?* concentrations above physiological
doses (~100 nM at rest) activate Ca®* sensitive protein-digesting enzymes which can lead to cell
death via necrosis (Berridge et al. 1998, 2000; Orrenius et al. 2003; Boehning et al. 2003).

1.2 Calcium channels

A membrane protein which is selectively permeable for calcium ions is named a calcium
channel. Opening of a calcium channel happens either by a change in membrane potential
(voltage-gated calcium channels) or by binding of a certain ligand (ligand-gated calcium
channels LGCCs). Neurotransmitters, ions as well as molecules can act as ligands. Besides,
calcium influx through these channels from the outside of the cell, calcium can also be released
from internal stores (store-operated channels SOCs). For example the inositol 1,4,5-
triphosphate (IP3) receptor, which is a calcium channel and is localized to the membrane of the
endoplasmatic reticulum (Newton et al. 1994). Upon binding of its ligand IP3 the channel opens
and the stored calcium flows into the cytosol along its concentration gradient (Berridge 1991;
Morrissette et al. 1993; Sitsapesan et al. 1994). Based on the strict regulation system of the
calcium concentration LGCCs are present in every cell type. Neurons and muscles are

additionally equipped with VGCCs.

1.3 Voltage-dependent calcium channels

In case of voltage-dependent calcium channels (VGCCs) a certain change in membrane
potential is needed to open the ion permeable pore. In the inactive state neurons stay at their
resting potential which is in general between -60 to -80 mV (Clapham 1995; Bear et al. 2007).
The quarternary structure of a VGCC consists of 4 to 5 subunits: an as-subunit, a -subunit, an

associated ao- and é-subunit and only in some cases a y-subunit (Figure 1). The as-subunit is



the biggest and the pore forming subunit. It is divided into four homologous repeats each
containing six transmembrane domains. Linkers between the fifth and sixth domain of every
repeat shape the inner pore wall. The small membranous loop (green square) of these linkers
carries specific glutamate groups responsible for ion selectivity (Tanabe et al. 1987; Catterall
2000). The fourth transmembrane domains are multiply positively charged and serve as the
voltage sensor. Despite changes in kinetics and activity, expression of the as-subunit can be
sufficient to create a functional VGCC (Perez-Reyes et al. 1989; Laverda et al. 1991; Singer et
al. 1991; Doering & Zamponi 2003). The therefore so called auxiliary subunits B, a26 and vy
define the specific properties of the channels. Intracellularly, the B-subunit interacts with the
a1-subunit through the a-interaction domain (AID) at the loop between repeat | and Il (Pragnell
et al. 1994). The protein consists of a guanylate kinase domain and a conserved SH3 domain
(Buraei & Yang 2010). It may play a crucial role in transporting the channel protein from the
ER to its integration site and in regulation of voltage-dependent activity as well as inactivation
of the channel (Dolphin 2003; Richards et al. 2004; Chen et al. 2004; Van Petegem et al. 2004;
Fang & Colecraft 2011). The extracellularly located a>- and 6- subunits are two single peptides
associated by disulfide bonds. During translation only one polypeptide chain emerges which is
cleaved subsequently (Ellis et al. 1988; De Jongh et al. 1990, Jay et al. 1991; Gurnett et al.
1996; Calderon-Rivera et al. 2012). It is suggested that the a25-subunit functions in targeting
and stabilizing the VGCCs in the membrane of neurons because of the GPl-anchor of the 6-
subunit (Davies et al. 2010). Furthermore, it could be shown that kinetics of VGCCs are altered
in a28- knockdowns and knockouts (Sipos et al. 2000; Obermair et al. 2005; Tuluc et al. 2008;
Obermair 2008; Fuller-Bicer et al. 2009). The y-subunit is a glycoprotein and consists of four
transmembrane domains (Jay et al. 1990, Chen et al. 2007). It takes part in skeletal muscle
interaction and in stabilization of the inactivated state of the channel (Freise et al. 2000;
Androchnache et al. 2007). Besides its function in muscle membranes it could be shown that y-
subunits influence calcium channel MRNA (Ahlijanian et al. 1990; Caterrall 2000; Moss et al.
2002; Kang & Campbell 2003; Ferron et al. 2008; Campiglio & Flucher). Ca?*-Calmodulin
interacts with the az-subunit via the 1Q motif (King et al. 2007).
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Figure 1: Quarternary structure of a voltage-gated calcium channel. The 5 subunits a4, a28, § and y are shown
at the neuronal membrane. The pore forming o1 —subunit consists of four homologous repeats each subdivided into
six transmembrane domains (TMD). The re-entrant loop (green square) between TMD 5 and 6 forms the inner
pore wall and determines the ion selectivity. Every fourth TMD of each repeat carries the voltage sensor. The y-
subunit is located in the membrane as well as the GPI-anchor of the az3-subunit. Crystalline structures of the -
subunit and the Ca?*-Calmodulin are known (Van Petegem et al. 2004, 2005). Both proteins interact with the o-
subunit at certain sites: the B-subunit at the a-interaction domain (AID) and Ca?*-Calmodulin at the 1Q motif.
Figure from King 2007.

In vertebrates 10 genes encode for the as-subunits of VGCCs which are subdivided into three
families: Cavl, Cav2 and Cav3 (Dolphin 2009). These 10 channels are classified by their
activation voltages, current kinetics, and pharmacological profiles (Table 1). Whereas low-
voltage activated (LVA) channels open at hyperpolarized membrane potentials, high-voltage
activated (HVA) channels require a higher depolarization of the membrane to open the pore
(Tsien et al. 1988).



Table 1: Vertebrate calcium channel classification (Dolphin 2009)

Activation a1-gene Type of current Main localization
IUP name/SU
HVA Cav1.1/01S L Skeletal muscle
Cavl.2/01C Cardiac, smooth muscle, neuronal
Cav1.3/a1D Sinoatrial node, cochlear hair cells,
dendrites
Cavl.4/alF Retina
Cav2.1/alA P/Q Neuronal (presynaptic)
Cav2.2/01B N Neuronal (presynaptic)
Cav2.3/alE R Neuronal
LVA Cav3.1/01G T Neuronal, cardiac
Cav3.2/alH Neuronal and other tissues
Cav3.3/all Neuronal

The Cavl family has the distinction of activating at higher voltages (HVA) mediating long
lasting currents (L-type) which among others could be measured in skeletal muscles and in
neuronal somatodendritic regions (Reuter 1983; Nowycky et al. 1985; Hounsgaard & Mintz
1988; Heckmann et al. 2003; Carlin et al. 2009). Furthermore Cayv1.3 L-type channels mediate
graded transmitter release in inner hair cells (Platzer et al. 2000; Brandt et al. 2003) and also
take part in hormone release, gene expression regulation and synaptic integration (Bean 1989;
Milani et al. 1990). Four different types of currents are facilitated by the Cayv2 family, which
are also HVA channels. P/Q and R currents are characterized by pharmacological properties
while N-type currents show intermediate speeds of activation and inactivation. P/Q- and N-
type currents play major roles in transmitter release at several synapses (Dunlap et al. 1995;
Catterall 2000; Reid et al. 2003) whereas R-type currents play an important role in synaptic
plasticity (Dietrich et al. 2003). Channels of the third family Cav3 activate at lower voltages
(LVA) and show transient currents (Carbone & Lux 1984; Nowycky et al. 1985). They
contribute to neuronal pacemaker activity and synaptic integration in dendrites (Contreras 2006;
Steriade 2006; Cain & Snutch 2010; Crandall et al. 2010; Isope et al. 2010). The old letter
nomenclature was replaced by a classification in sub numbers regarding pharmacological

sensitivities called “International Union of Pharmacology” (IUP) (Catterall et al. 2005).



1.4 Drosophila larval motoneurons

To investigate properties and functions of calcium channels the Drosophila nervous system
serves as a useful model because of lower channel diversity and precise genetic tools.
Motoneurons receive input from interneurons of the central pattern generator (Kiehn &
Kullander 2004; Marder et al. 2005; Grillner et al. 2005). With their inherent membrane
properties they actively form motor output (Kiehn 1991; Kiehn et al. 2000; Heckmann et al.
2003). To understand locomotion in these animals we aim to reveal the precise location and
function of calcium channels. 32 motoneurons located in each hemisegment of the ventral nerve
cord (VNC) of third instar larvae innervate 30 body wall muscles in the abdominal segments
A2-A7. Al and A8 own fewer muscles and the thoracic segments T1-T3 additionally hold
mouthpart controlling muscles (Campos-Ortega & Hartenstein; 1985 Bate 1992; Landgraf et
al. 1997; Schmid et al. 1999). Motoneurons form synaptic terminals, also called boutons, at
larval crawling muscles which differ in size and shape. Large synaptic boutons of motoneurons
that mediate fast neuromuscular transmission are called type I and are subdivided into Ib (“big”
3-6 um) and Is (“small” 2-4 um). Type Il terminals generate smaller boutons of 1-2 um
(Johansen et al. 1989; Antwood et al. 1993; Budnik 1996). Only muscle 12 additionally receives
type 11l boutons (Gorczyca et al. 1993; Jia et al. 1993). For this study we focused on the
motoneurons RP2 and aCC as well as RP3. Named after their shape and localization in the
embryo RP stands for “Raw Prawn” (M. Bate & C. S. Goodman) and aCC for “anterior corner
cell” (du Lac et al. 1986; Sink and Whitington 1992; Broadie et al. 1993). MN1-Ib is the third
instar larva name of the aCC motoneuron and it derives from the lineage of the neuroblast NB1-
1. It innervates only the larval crawling muscle 1. NB4-2 is the origin of RP2, which is called
MNISN-Is and it innervates the larval muscles 1, 2, 3, 4, 8, 10, 18, 19 and 20 (Figure 2). RP3
derives from NB3-1, is also called MNG6/7-1b, and innervates muscles 6 and 7 (Thomas et al.
1984; Broadus et al. 1995; Doe et al. 1988 a+b; Patel et al. 1989; Udolph et al. 1995; Chu-
LaGraff et al. 1995; Bossing et al. 1996; Landgraf et al. 1997; Hoang & Chiba 2001; Choi et
al. 2004). The two motoneurons aCC and RP2 are well characterized and have been subject to
many studies (Thomas et al. 1984; Sink and Whitington 1991; Halpern et al. 1991; Broadie et
al. 1993; Bate & Broadie 1995; Worrell & Levine 2008; Schaefer et al. 2010; Srinivasan et al.
2012). For imaging of neuromuscular terminals we used the type Ib-boutons on muscle 6 and
7. Those boutons are easily identifiable and accessible (Chiba & Rose 1998; Halpern et al.
1991; Sink & Whittington 1991).



Figure 2: One hemi-segment of larval body wall muscles. Whereas muscle one is the most dorsal muscle, muscle
6 and 7 are the biggest ones and lay, close to M 6+7 of the other hemisegment, in the middle of the ventral line
(Hoang & Chiba 2001).

1.5 Voltage-dependent calcium channels in Drosophila

In contrast to the 10 genes for as subunits of VGCCs the Drosophila genome presents only
three genes, one homolog to each of the three vertebrate channel families Cav1, Cav2 and Cav3.
Regarding channel properties and sequence similarity the Drosophila channels are named after
the vertebrate genes (old letter nomenclature) with the highest conformity (Table 2). The Cay1l
homologue DmCalD is a high-voltage activated channel and mediates L-type currents in
somatodendritic regions of larval motoneurons (Worrell & Levine 2008). Furthermore,
DmCalD is the VGCC in Drosophila muscles responsible for graded Ca?* potentials to initiate
muscle contraction (Ren et al. 1998; Hara et al. 2015). The DmCalA channel, also called
Cacophony, is required for vesicle exocytosis at presynapses (Kawasaki et al. 2002; Hou et al.
2008). It’s also involved in synaptic growth and regulation of NMJs (Rieckhof et al. 2003; Xing
et al. 2005). In studies investigating the adult flight motoneuron, MNS5, it could be shown that
DmCalA mediates at least two different somatodendritic currents, one high-voltage and one
low-voltage activated one (Ryglewski et al. 2012). LVA T-type currents could be measured in
MNS5 playing a role in regulation of DmCalA HVA- and LVA-currents (Ryglewski et al. 2012).
In adult projection neurons Cav3-type calcium channels play a role in regulation of excitability
(Iniguez et al. 2013). Despite the fact that Drosophila has only three genes for VGCCs there is
a great range of localizations and properties resulting in different functions. Isoform diversity
is drastically increased by interactions with different accessory subunits, and post-
transcriptional processes like RNA-editing and alternative splicing (Zheng et al. 1995; Littleton
& Ganetzky 2000; Lipscombe et al. 2002). It is still not fully understood how this is regulated

and accomplished.



Table 2: Voltage-dependent calcium channels in Drosophila

Vertebrate Drosophila | Activation = Type of Motoneuron localization
a1-gene ai1-gene current

Cavl.3/a1D DmCalD HVA L-type | Soma, dendrites, axon, NMJ
(Worrell & Levine 2008; Klein
(2013 MA))

Ca2.1/alA DmCalA,; HVA/LVA N-type  NMJ, somatodendritic region

Cacophony T-type | (Kawasaki et al. 2000;

Ryglewski et al. 2012)

Ca3.1/01G DmalG LVA T-type | Somatodendritic region

(Ryglewski et al. 2012)

1.6 DmCalD calcium channel

The DmCalD channel was first characterized and named by its sensitivity towards
dihydropyridines (DHP) “Drosophila melanogaster calcium channel as-subunit DHP-
sensitive” (Zheng et al.1995; Eberl et al. 1998). DmCalD is homologous to vertebrate L-type
channels and is highly expressed in the nervous system and muscle throughout development
(Zhengetal. 1995). In larval crawling muscles DmCalD mediates the dihydropyridine sensitive
current (Ren et al. 1998). Furthermore, DmCalD is responsible for the somatodendritic voltage-
dependent Ca?* current in larval motoneurons aCC and RP2 (Worrell & Levine 2008). A stop
codon after the fourth transmembrane domain of the fourth repeat prevents transcription of the
published null mutant allele X10. Homozygous null mutant animals die in late embryonic stages
(Eberl et al. 1998). To investigate the function of the DmCalD channel we combined genetic
and pharmacological tools with immunocytochemistry and opto- and electrophysiological

recordings.

1.7 Voltage-dependent Ca?* channels at the Drosophila presynapse

Multiple studies suggest that at least three different calcium channels exist at the Drosophila
NMJ (Kawasaki et al. 2002; Kuromi et al. 2004; Hou et al. 2008; Kuromi et al. 2010): APLTXII
sensitive channel mediating fast synaptic transmission, a second PLTXII sensitive channel
which showed delayed release, and a La®" sensitive channel facilitating endocytosis. To initiate
exocytosis of transmitter-filled vesicles at the presynapse calcium influx through VGCCs is

essential. In vertebrates, this is mediated by P/Q- and N-type Cav2 calcium channels (Dolphin



2009). In Drosophila, the PLTXII sensitive Cav2 homolog DmCalA localizes to presynaptic
terminals (Bodi et al. 1995; Kawasaki 2000, 2002, 2004; Kuromi et al. 2004; Hou et al. 2008;
Ryglewski et al. 2012) and co-localizes with the CAZ-protein Bruchpilot (Brp) and synaptic
vesicles at active zones (Kittel et al. 2006a) mediating exocytosis. In a temperature sensitive

mutant cac's?

, Synaptic transmission is terminated and animals are paralyzed after reaching 38
°C (Kawasaki et al. 2000). To enable sustained transmitter release and to conserve the
presynaptic membrane structure endocytosis and recycling of fused vesicle membrane has to
take place (Wu et al. 2014). Despite the automatic coupling of the exo- and endocytic
machineries (Haucke et al. 2011) studies claim an important role of calcium even in endocytosis
in vertebrates as well as in invertebrates (Heuser & Reese 1973; Gad et al. 1998; Guatimosim
et al. 1998; Klingauf et al. 1998; Marks & McMahon 1998; Cousin & Robinson 1998, 2000;
Neale et al. 1999; Sankaranarayanan and Ryan 2001). In certain central synapses of the
vertebrate brain (Calyx of Held) and in Drosophila neuromuscular junctions Ca?* -dependent
endocytosis (Kuromi et al. 2004) could be shown. At the Drosophila NMJ they claim a VGCC
sensitive to La* to be responsible for this calcium influx and excluded DmCalA from this task.
To name the endocytic channel is still an open question. In 2009 a study asserts that calcium
hemi-channels named flower located at the synaptic vesicle membrane fuse to functional
channels upon exocytosis in the presynaptic membrane (Yao et al. 2009). This mechanism
couldn’t be confirmed for other synapses. In my previous work I could show DmCalD
localization at the Drosophila NMJ presynapse which makes the channel a candidate for Ca?*-

mediated endocytosis.

1.8 Synaptic vesicle cycle

To pass information from one neuron to another an electrical signal arriving at the presynapse
is translated into a chemical signal as neurotransmitter-filled synaptic vesicles, which undergo
exocytosis for the transmitters to pass the synaptic cleft (Katz 1969). One 40 — 50 nm sized
synaptic vesicle equals one quantal size (Rizzoli & Betz 2005). About 1500-2000
neurotransmitter molecules per vesicle are then recognized by postsynaptic receptors (Katz &
Miledi 1965; Katz 1971; Zhai & Bellen 2004; Stidhof 1995, 2004; Takamori et al. 2006). The
fused SV membrane has to be retrieved again via endocytosis. For one thing the structure of the
presynapse has to be conserved, for another thing SV proteins, which are located in the
presynaptic membrane after endocytosis, have to be removed and recycled in the terminal. The
amount of SVs in the synapse is limited and the cell body, which is the place of protein



synthesis, is too far away to facilitate fast neurotransmission (Murthy & De Camilli 2003; Galli
& Haucke 2004; Dittman & Ryan 2009). The recycling of an SV from exocytosis to being ready
for release takes about 40 to 60 s (Sudhof 1995; Galli & Haucke 2001). Depending on the
amount of SVs needed they are retrieved from three different SV pools (Rizzoli & Betz 2005).
First the readily-releasable pool (RRP), which is represented by docked and primed vesicles at
the active zones. These SVs are immediately ready to undergo exocytosis upon a Ca?* signal,
but they deplete rapidly during high frequency stimulation. Second, the recycling pool (RP),
which delivers SVs during moderate stimulation. Synaptic vesicles of the RP are distributed all
over the terminal. Third, the reserve pool (RSP) containing the majority of SVs builds a depot
needed for sustained release (Ikeda & Bekkers 2009; Kim & Ryan 2010). For the Drosophila
NMJ a total number of SVs was estimated to be about 84,000 (Delgado et al. 2000; Kidokoro
et al. 2004). Around 200 SVs should be ready to release, 7,000 — 16,000 in the RP and 62,000
SVs in the RSP (Kuromi & Kidokoro 2005). In comparison to that the vertebrate calyx of Held
(Held 1893) contains around 77,000 — 188,000 SVs (Satzler et al. 2002; de Lange et al. 2003)
in total, 1500 SVs in the RRP and 20,000 to 40,000 SVs (de Lange et al. 2003; Yamashita et al.
2005) in the RP (Sakaba & Neher 2001; Neher & Sakaba 2008; Neher 2010).

1.9 Exocytosis

Exocytosis of transmitter filled SVs takes place at specific sites of the presynapse called active
zones (AZs) (Couteaux & Pecot-Dechavassine 1970; Landis 1988). In electron microscopy
(EM) those AZs are associated with an electron dense cytoskeletal matrix — cytomatrix at the
active zone (CAZ) (Dresbach et al 2001; Harlow et al. 2001) — which contains highly
specialized components (Schoch & Gundelfinger 2006) for example: ELKS family proteins like
Bruchpilot (Brp), Liprin, GIT family proteins, Rab interacting molecules (RIMs), RIM binding
proteins and (M)Unc 13 (Wojcik & Brose 2007; Spangler & Hoogenraad 2007; Wang et al.
2009; Mittelstaedt et al. 2010; Hida & Ohtsuka 2010; Liu et al. 2011; Haucke et al. 2011,
Stdhof 2012; Ehmann et al. 2014; Peled et al. 2014). The CAZ-associated protein Bruchpilot
is essential for T-bar formation, which are electron dense projections in EM where VGCCs and
SVs are clustered (Kittel 2006 a; Hallermann et al. 2010). The protein itself has an elongated
structure and is part of the T-bar at the center of active zones (Fouquet et al. 2009). In Brp null
mutants VGCC clustering is disturbed (Ohtsuka et al. 2002; Kittel et al. 2006 a+b; Maglione &
Sigrist 2013). RIM binding proteins bind Ca?* channels to AZs and interact with Bruchpilot
(Liu et al. 2011). To dock and finally fuse SVs with the presynaptic membrane formation of the



SNARE (soluble NSF attachment protein receptor proteins) complex is crucial (Jahn & Scheller
2006; Sudhof & Rothman 2009). It consists of the synaptic vesicle protein Synaptobrevin
(VAMP2) and the two plasma membrane proteins Syntaxin and SNAP-25 (synaptosome-
associated protein) (Mohrmann et al. 2010; van den Bogaart et al. 2010). Formation of the
SNARE complex is controlled, among others, by Unc 13 (Sidhof & Rothman 2009). An
essential step for SV fusion with the presynaptic membrane is Ca?* influx through VGCCs (Katz
& Miledi 1969; Neher & Sakaba 2008). The DmCalA channel which is clustered with SVs at
the T-bars of AZs mediates this influx (Kawasaki et al. 2000; Kuromi et al. 2004; Kittel et al.
2006 a). Ca" is then sensed by the SV protein Synaptotagmin which in turn acts on the SNARE
complex (Martens & McMahon 2008; Hui et al. 2009; Hua et al. 2011). For this, the Ca?*
concentration has to achieve 10-100 uM but the intracellular Ca?* concentration lies below 100
nM (Augustine 2001). To reach this high concentration without affecting other processes in the
cell Ca?* levels are elevated only in small areas (~tens of nanometers) called micro domains
(Adler et al. 1991; Heidelberger et al. 1994; Schneggenburger & Neher 2000; Gundelfinger et
al. 2003). These micro domains exist only in close proximity to DmCalA channels and SVs,
thereby sustaining only for milliseconds (Meinrenken et al. 2003). By fusion of SVs with the
presynaptic membrane the latter is expanded. To maintain structure and functionality of the

presynapse SV membrane has to be retrieved and recycled by a process called endocytosis.

1.10 Endocytosis

The retrieval of fused vesicle membrane, the endocytosis, takes place at the periactive zone of
synaptic terminals surrounding active zones (Marie et al. 2004). There are three different
endocytic mechanisms postulated (Kononenko et al. 2013; Zhou et al. 2014). The fastest
mechanism happens in 50-100 ms at the periactive zone and is formally known as ‘ultrafast
endocytosis. Upon one stimulus via the light-sensitive protein channelrhodopsin formation of
large membrane invaginations have been observed in C. elegans and in mouse neurons
(Watanabe et al. 2013a+b). A process of endocytosis which does not include full collapse of a
SV is called ‘kiss-and-run’ and takes less than 1 s from pore opening over transmitter release
to SV retrieval (Ceccarelli et al. 1973; Ceccarelli & Hurlbut 1980; Alabi & Tsien 2013). These
two fast processes seem to compensate presynaptic membrane elongation really quickly to
enable transmission (Zhou et al. 2014). The most important mechanism may be the clathrin and
dynamin mediated endocytosis (Miller & Heuser 1984; Granseth et al. 2006; Ferguson et al.
2007). Disruption of these 2 proteins was done in several organism and caused severe defects



in endocytosis (Konig & ldeka; 1996; Galli & Haucke 2004; Ferguson et al. 2007; Heerssen et
al. 2008; Kasprowicz et al. 2008). After full collapse of a SV its retrieval at the periactive zone
takes around 10-20 s, which is rather slow in comparison to the other two processes (Smith et
al. 2008; Neher 2010). The first step in this mechanism is bending of the membrane in which
proteins containing an F-BAR (FCH domain-bin-amphiphysin-Rvs) like FCHo-proteins,
amphiphysin, endophilin, syndapin and epsin are involved (McMahon & Gallop 2005; Koh et
al. 2007; Pechstein et al. 2010; Henne et al. 2010). Then, a clathin coat assembles along the
bended membrane whereby clathrin triskelia build pentagonal and hexagonal disposals
(Kirchhausen 2000; Murthy & De Camilli 2003; Jung & Haucke 2007; Dittman & Ryan 2009;
Doherty & McMahon 2009). The fission of the invagination is then accomplished by the
GTPase dynamin which is a mechanochemical enzyme (Slepnev & De Camilli 2000; Ferguson
et al. 2009; Rao et al. 2010). Dynamin is recruited by proteins holding an SH3 domain as:
intersectin (Marie et al. 2004; Koh et al. 2004, Pechstein et al. 2010), amphiphysin (Shupliakov
et al. 1997), endophilin (Schmitd et al. 1999; Ringstad et al. 1999; Dickman et al. 2005) and
syndapin (Qualmann et al. 1999). Such clathrin coated membrane structures occur close to

active zones as well as at more lateral sites (Gad et al. 1998; Teng et al. 1999).

1.11 Coupling of exocytosis and endocytosis

Several studies indicate that exocytosis of transmitter filled vesicles and the following
endocytosis of the SV membrane is tightly coupled (Haucke et al. 2011). Therefore, specialized
scaffolding proteins of the CAZ seem to interact with multidomain endocytic scaffolding
proteins to clear the release site after exocytosis to enable further SVs to get docked and primed
for release (Gundelfinger et al. 2003). How coupling of exocytosis and endocytosis is
accomplished mechanistically is the topic of many studies and still not understood (Haucke et
al. 2011). Nonetheless, an activity-dependent regulator of endocytosis may be Ca?* (Gad et al.
1998; Deak et al. 2004). At several synapses it could be shown that endocytosis is Ca?*
dependent (Ceccarelli & Hurlbut 1980; Thomas et al. 1990; Smith & Neher 1997; Gad et al.
1998; Naele et al. 1999; Kuromi & Kidokoro 2002; Kuromi et al. 2004; Wu et al. 2007; Xu et
al. 2008; Hosoi et al. 2009). Whereas exocytosis is triggered at 10-100 uM Ca®* the
concentration needed for endocytosis is much lower and endocytosis is even abolished above 1
UM Ca?* (von Gersdorff & Matthews 1994; Marks & McMahon 1998; Cousin & Robinson
2000). In Drosophila the exocytosis mediating VGCC DmCalA is well characterized
(Kawasaki et al. 2000, 2002, 2004; Hou et al. 2008). However, it is still not clear how Ca?*



influx responsible for endocytosis is facilitated. Former studies claimed a second VGCC to be

localized at the periactive zone of synaptic terminals (Kuromi et al. 2004, 2010).

1.12 Hypothesis

Amongst all the claims from different studies regarding calcium channels at the Drosophila
NMJ only one is commonly shared: The VGCC DmCalA (Cacophony) is necessary and
sufficient for fast synaptic transmission (Kawasaki 2002; Hou et al. 2008). It seems to be
undisputed that other calcium channels exist at the presynapse but identification above
pharmacological properties remain an open question (Kuromi et al. 2004; Hou et al. 2008;
Kuromi et al 2010). A regulatory role of Ca?* influx in endocytosis could be shown in several
synapses (Ceccarelli & Hurlbut 1980; Thomas et al. 1990; Smith & Neher 1997; Gad et al.
1998; Naele et al. 1999; Kuromi & Kidokoro 2002; Kuromi et al. 2004; Wu et al. 2007; Xu et
al. 2008; Hosoi et al. 2009). The responsible channel is suggested to localize to the periactive
zone of synaptic terminals causing a much less increase in Ca®* concentration than needed for
exocytosis (von Gersdorff & Matthews 1994; Marks & McMahon 1998; Cousin & Robinson
2000). With a specific antibody we could show presynaptic localization of the HVA L-type
voltage-gated calcium channel DmCalD at the Drosophila NMJ. Combining this with data of
former studies we now claim that Ca?* influx through DmCalD calcium channels plays a role
in clathrin-mediated SV endocytosis. To accomplish this task DmCalD channels have to
localize in close proximity to the endocytic machinery at the periactive zone, which surrounds
active zones (Figure 3). Therefore, calcium influx through two different channels (DmCalA

and DmCalD) control exocytosis and endocytosis separately.
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Figure 3: Hypothetic scheme of the Drosophila larval NMJ. Active zones containing Bruchpilot, DmCalA
channels and SVs of the readily releasable pool (RRP). Exocytosis takes place upon Ca?* influx through DmCalA.
DmCalD channels localize to the periactive zone of the terminal mediating Ca?" influx which regulated
endocytosis. Retrieved SVs are recycled and pass the recycling pool (RCP). The reserve pool builds a large storage
of SVs.

1.13 Aim of the study

According to our hypothesis we made the following predictions:

1) DmCalD localizes to the periactive zone of terminals and not to active zones

2) Presynaptic calcium influx is reduced if DmCalD is pharmacologically blocked

3) DmCalD knockdown or knockout in motoneurons will increase synaptic depression
during repetitive stimulation

4) Pharmacological blockade of DmCalD causes a reduction in synaptic vesicle
endocytosis rates

5) DmCalD does not contribute significantly to exocytosis, which is mediated by
DmCalA

To determine the subsynaptic localization of DmCalD at synaptic terminals we used
immunocytochemistry and confocal microscopy. With a specific antibody against the DmCalD
channel and several antibodies against proteins localized to different compartments at the
presynapse we tried to differentiate between active and periactive zone. At high stimulation

frequencies many synapses show synaptic depression but reach a steady state of synaptic vesicle



release, a balance between SV release and resupply, after 5 to 10 stimuli (Haucke et al. 2011).
During high-frequency conditions clearance of release sites seems to be the release limiting
cause rather than the number of available SVs (Dittman & Regehr 1998; Neher 2010). High-
frequency stimulation typically consists out of tetanic bursts with ~100 stimuli per second (Bear
et al. 2007). To analyze the impact of DmCalD on depression we measured evoked
postsynaptic potentials (EPSPs) in larval crawling muscles. In RNAI knockdown and MARCM
knockout terminals we expect increased depression during repetitive stimulation protocols. To
directly show that loss of DmCalD reduces SVs retrieval we measured endocytosis with the
fluorescent dye FM1-43 (Betz & Bewick 1992). The dye is taken up into synaptic terminals
during membrane retrieval and the fluorescence states the endocytosis rate. The trivalent cation
lanthanum (La®*") serves as a pharmacological blocker to eliminate DmCalD calcium influx
(Cauvin et al. 1983). Under blocking conditions endocytosis rates at synaptic terminals should
be reduced while exocytosis remains unaffected. Furthermore, we expressed the calcium
indicator Syp-GCaMP3 in larval motoneurons where it localizes to SVs to show presynaptic
calcium influx through DmCalD upon membrane depolarization. Again, the pharmacological
blocker lanthanum was applied to prevent calcium influx through DmCalD channels. To proof
that DmCalD does not contribute to exocytosis, which is mediated by DmCalA, is difficult
because the channel localizes to all compartments of larval motoneurons and also to the
crawling muscles. First we used the postsynaptic calcium indicator GCaMP3, which localizes
closely to postsynaptic glutamate receptors and recognizes calcium influx through glutamate

receptors only.



2 Material and methods

2.1 Drosophila melanogaster

2.1.1 Breeding
Fly food 1 liter:

116.11 g glucose
54.89 g cornmeal
10.56 g agarose
29.02 g yeast

-> Boil at 90 °C for 1 hour, cook for another hour at 85°C. After cooling to 66 °C , the following
ingredients are added:

12.2 ml 10 % tegosept

0.56 g ascorbic acid

Fly strains (Table 3) are kept on a yeast-cornmeal-syrup-agar diet in 2 cm @ standard plastic
vials with foam plugs at 25 °C under a 12 hours light/dark cycle. Backups and temperature-

sensitive fly lines are reared at 18 °C.

2.1.2 Fly lines
Table 3: Drosophila stock list

Origin/Bloomington Genotype
TRiP | 35786 y! vi;; P{UAS-GFP.VALIUM10}attP2
lines
33413 y! sc” vi;; P{TRiP.HMS00294}attP2
MARCM | 42725 P{hsFLP}1, y* w* P{UAS-mCD8::GFP.L}Ptp4E-**;
P{tubPGALB0}LL10 P{neoFRT}40A; P{tubP-GALA}LL7
25141+5759 b!Ca-a1D*X prt cnt wx¥ bw'/sna® P{neoFRT}40A; ry>%
25141/5759 bl Ca-a.1 DX P {neoFRTry+}40A / CyO P{ACtGFP}JMR1
DmCailD | 25141 b! Cao1DX10 prl cnl wxwxt bwl/CyO, P{ActGFP}JMR1
null
4275 b! Ca-alD* prt cn® wx** bw!/CyO, P{ActGFP}JMR1




Balancer | 4533 W’; In(2LR)noc™Sco™R, bY/CyO, P{ACtGFP}IMR1

9493 w’; CyO/In(2LR)bw"Z, ds* dp°® b1 bw"%; CxD/TM6B, Tb?

GAL4 S. Sanyal BIOGEN- | w*; RN2-GAL4, UAS-mCD8GFP/CyO ; Act<Stop>GALA4,
Idec, Cambridge, USA | UAS-FLP
458 P{GawB}elavC155

S. Sanyal BIOGEN- | ;;D42-GAL4,Cha-GALS80
Idec, Cambridge, USA
S. Sanyal BIOGEN- | ;O0K37-1-GAL4
Idec, Cambridge, USA

Control | 3605 Wi
1 Canton Spezial
DmCalA | 8579 P{GawB}elav®!® cac"c!? sd! fY/FM7i, P{ActGFP}JMR3
8581/8582 w*; P{UAS-cacl-EGFP}422A ; P{UAS-cacl-EGFP}786C
GCaMP | Isacoff lab ;;MHC-CD8-GCaMP3-Sh
Fiala lab ;UAS-syp-GCaMP3/CyO

2.2 Immunocytochemistry

2.2.1 Larval dissection

Dissection was done in 4 cm @ petri dishes filled with Sylgard-silicone (Dow Corning GmbH,
Wiesbaden). Third instar larvae were fixed dorsally with pins in head and abdomen. Covering
with saline follows a cut along the dorsal midline till the mandibles. Cuticula was fixed with

pins and internal organs were carefully removed.

Saline in mM: NaCl 128; KCI 2; MgCl; 4; CaCl 1,8; HEPES 5; Sucrose 35 - pH 7,24 (NaOH)
300-310 mOsmol

2.2.2 Fixation

Fixation was done at room temperature for 45 min with 4 % paraformaldehyde (PFA) in PBS
(Sigma, Germany), which was solved at 56 °C for 1 hour. Two times rinsing with PBS was
followed by 1 hour of PBS washing. Improved permeability of the tissue was ensured by 6 x
30 min incubation with 0.5 % Triton X (TX, Sigma, Germany) in PBS.

2.2.3 Antibody incubation
Primary antibodies (Table 4) were diluted in 0.3 % TX in PBS and incubated at 4 °C on a shaker
for 1 night. 5 % bovine serum albumin (BSA) was added if DmCalD antibody was in use. After



at least 8 x 30 min PBS washing, samples were incubated in secondary antibodies (Table 5) at

4 °C on a shaker for 1 night.

2.2.4 Shortened antibody incubation

After fixation, samples were treated with 0.5 % Triton X for 3 x 20 min. Primary antibodies

(Table 4) were diluted in 0.3 % TX in PBS and incubated at room temperature on a shaker for

2 hours. After a vigorous washout with 3 x 20 min PBS secondary antibodies (Table 5)

incubated for 1 hour at room temperature.

Table 4: Primary antibodies

132-005-021

Antigen Host | Dilution Origin Antigen description

DmCalD goat 1:100 Santa Cruz Biotechnology, Santa Cruz, | Drosophila L-type VGCC
CA, USA
N-type Ca?* CPalB (L-17) sc-32083

GFP rabbit | 1:200 Thermo Fisher Scientific Ectopically expressed green
A-11122 fluorescent protein

Bruchpilot mouse | 1:200 Developmental Studies Hybridoma | Drosophila presynaptic
Bank CAZ-protein (T-bar, active
Nc82 zone)

Fasciclin Il mouse | 1:200 Developmental Studies Hybridoma | Drosophila presynaptic cell
Bank adhesion molecule
1D4 (periactive zone)

Synaptotagmin | mouse | 1:100 Developmental Studies Hybridoma | Drosophila synaptic vesicle
Bank protein (presynaptic marker)
3H2 2D7

Endophilin guinea | 1:500 Bellen lab Drosophila endocytotic

pig Verstreken et al. 2002 protein (periactive zone)

HRP goat 1:200 Dianova (Jackson Immunoresearch) Horseradish peroxidase,

antibody binds to neuronal
membranes

Table 5: Secondary antibodies

Antigen Host | Dilution Origin Fluorophore
Goat donkey | 1:400 Dianova (Jackson Immunoresearch) Cy2, Cy3, Cy5
Mouse donkey | 1:400 Thermo Fisher Scientific (Invitrogen) | AF 488, AF 555, AF 647
Rabbit donkey | 1:400 Thermo Fisher Scientific (Invitrogen) | AF 488




Guinea pig donkey | 1:400 Thermo Fisher Scientific (Invitrogen) | AF 488

2.2.5 Embedding

Secondary antibodies were washed out with 6 x 30 min PBS following treatment with
increasing series of EtOH: 50 %, 70 %, 90 % and 100 %. Dehydrated samples were embedded
in methylsalicylate (Fagron, Netherlands). To increase the space between slide and coverslip a
100 pm metal plate with a hole (@ 1 cm) was glued between 2 coverslips. Coverslips were

sealed with nail polish and samples were stored at 4 °C.

2.2.6 Confocal microscopy

Scanning was done at the Leica TCS SP8 confocal microscope with the software LAS AF
(Leica application suite Advanced Fluorescence). Fluorescent dyes Cy2® and Alexa Fluor® 488
were excited with the argon laser at 488 nm and detected with a photomultiplier at 500-550 nm.
The diode laser excited at 561 nm Cy3® and Alexa Fluor® 555, whereas detection was at 570-
620 nm. Excitation of Cy5® and Alexa Fluor® 647 happened at 633 nm, detection at 645-700
nm. For weak signals we used a hybrid detector (HyD) which is more sensitive towards photons,
thereby increasing the signal. With a 40x oil immersion objective (NA 1.4) and additional
digital zoom we obtained 1024x1024 pixel images. For image processing we used the Leica
software LAS AF 2.3.5 and Fiji (www.fiji.sc).

2.3 MARCM

The published null mutation of the DmCalD channel DmCalD**¥ is embryonically lethal.
Consequently, electrophysiological and immunohistological investigations of motoneurons are
impossible. To address this we created mosaic null mutants with the MARCM-technique
(mosaic analysis with a repressible cell marker) (Wu et al. 2006). The goal hereby is to obtain
single specific cells, which are homozygous null mutant in an otherwise heterozygous animal.
At first, we had to do a series of genetic crosses and screening to bring the constructs needed
for the technique into one animal (2.3.1). After verification of the FRT-construct in the screened
flylines via PCR (2.3.2) the final cross was set up (2.3.3). All cells in F1 animals are
heterozygous for the null mutation on one sister chromatid and for the protein GAL80 on the
other, each closely located behind the FRT (flippase recognition target) site (Figure 4). GAL80
inhibits GAL4, which prevents expression of UAS-GFP to label the cell. If the flippase is now
activated in the G2 phase of the cell cycle after DNA replication by heat shock (hs-FLP),

heterologous recombination at the FRT sites between two sister-chromatids is induced. Cleaved



parts of GAL80 and the mutation exchange places, resulting in two heterologous sister
chromatid pairs. During mitosis one chromatid of each pair is pulled into respectively two cells.
The cell containing both copies of the null mutation is now able to express GFP, thereby being
labeled. In the other cell GAL4 is inhibited by two copies of GAL80. The heat shock has to be
precisely timed in development during division of the mother ganglion cell of motoneurons
aCC and RP2 (2.3.3).

Mitosis

G1

GAL4
FRT Mutation

Labeled
homozygous
mutant
daughter
cell

>
FRT

Unlabeled

Unlabeled Unlabeled Unlabeled homozygous
heterozygous cell after cell after wild-type
parental cell DNA replication recombination daughter

cell

Figure 4: Heterologous recombination during mitosis using MARCM. In G1 all cells are heterozygous for the
mutation and for the GAL4 inhibitor GAL80. After DNA replication heat shock is induced in G2 phase to activate
the flippase which targets to the FRT sites. The cleaved parts of each sister chromatid exchange places, resulting
in two heterologous sister chromatid pairs. During mitosis two chromatids, both containing the mutation, are pulled
into one cell. The same happens with the two chromatids containing GAL80. The homozygous mutant cell is now
able to express GFP via GAL4 (Wu et al. 2006).

2.3.1 MARCM flies
To generate null mutant mosaics we first had to bring the known DmCalD null mutation

DmCalD*!¥ in front of the FRT 40A site by screening for a natural cross—over in female flies

: + Db11DX10pricnl t bw1 -
with the genotype: — ; pricnl wxwxtbwi , ry—

)

sna[ScO] {FRT40A ry+} ry— '

+ _ b11DX10prl {FRT40Ary+}  ry

The desired result would be: = ; ; =, so the 1D*1° (35E5-6) and the
Y CyO,Act—GFP ry—

sna[Sco] (35D2), which are at close proximity, exchanged places. The estimated recombination

rate between these two loci is around 4 %. For more detailed information, see appendix (6.1).



2.3.2PCR
A cross with each male fly screened for wildtype eye color (FRT with ry+) and the loss of
Scutoid (sna>®) was set up. One fly of each F1 generation was taken for DNA extraction.

2.3.2.1 DNA extraction
Squishing buffer: 10 mM Tris-Cl pH 8.2, ImM EDTA, 25 mM NacCl

Proteinase K: 0.2 mg/ml (Invitrogen™)

A pipette tip filled with 50 ul squishing buffer containing Proteinase K was used to mash a
single fly in a tube for 5-10 seconds. After that the squishing buffer was expelled into the tube.
Incubation of the preparation was done for 30 minutes in a 36 °C water bath. For Proteinase K
inactivation the temperature was raised to 95 °C for 2 minutes. Sample could be stored at 4 °C

for several months.

2.3.2.2 Thermocycling

First, the ThermoPol buffer and dNTPs are defreezed on ice. The thermocycler was turned on
and preheated to 95 °C (lid to 105 °C). Samples (Table 6) were prepared on ice before
transferring them into the thermocycler and starting DNA amplification (Table 7). To amplify
the FRT-site we used published primers (made by Sigma Aldrich), which should result in a 687
bp replicate (Sulkowski et al. 2011).

Table 6: Reaction setup

Component Volume | Final conc. Description

10x ThermoPol 1l 1X New England BioLabs B9004S

Reaction Buffer

10 mM dNTPs 0.2 ul 200 p KAPABIosystems KK1017

10 uM fwd Primer | 0.2 ul 0.2 uM 5t0 3’
CACCTGCAAAAGGTCAGACA
58.4 °C salt adjusted melting
temperature

10 uM rev Primer 0.2 ul 0.2 uM 5t0 3’
CCTGACGGACCATTGATACC
60.5 °C salt adjusted melting
temperature

Taqg DNA 0.05 ul | 1.25 units/50 New England BioLabs M0267S

Polymerase ul

Template DNA 1l <1000 ng see DNA extraction

Nuclease-free water | 7.35 pl




Table 7: Thermo-cycling conditions

Process Temp Time Extra
1.Initial denaturation 95 °C 300 s
2.Denaturation 95 °C 30s
3.Annealing 58 °C 60 s temp gradient possible
4.Extension 68 °C 180s 30 cycles
5.Final Extension 68 °C 300s
6.Pause 4°C till processing

2.3.2.3 Gel electrophoresis

To separate the expected 687 bp replicate we prepared 0.7 % agarose in TBE buffer (0.1 M Tris
base, 0.1 M Boric acid, 2 mM EDTA, pH 8) and boiled it. After cooling 2 drops of ethidium
bromide (Carl Roth HP47.1 - liquid dropper bottle 250 pg/ml) per 50 ml gel were added and
the gel was poured with a 3 mm pocket comb. For visualization of the lanes we added 2 pl Gel
loading dye purple (6x) no SDS (New England BioLabs B7025) to each 10 ul sample before
loading the pockets. 2-Log DNA Ladder (0.1-10.0 kb) (New England BioLabs N3200S) was
used as molecular weight standard (1pg/lane). The gel was run at 70 V for 1-2 hours in a BioRad
gel chamber with a BioRad PowerPac HC power supply. The Doc-Print Il Imaging System
(Vilber Lourmat) was utilized to record the ethidium bromide marked DNA bands. Analyzing

and image processing was done with Adobe Photoshop CS5 and Corel Draw XVII.

2.3.3 Heat shock induced heterologous recombination
The null mutant FRT line was crossed to a line containing a heat shock-activated flippase, Tub-
GALS8O FRT at the site 40A, UAS-GFP and Tub-GALA4.

hsFLP — GFP {FRT40A ry +} tub — Gal80 tub—Gal4 + b11DX10prl {FRT40A ry+} Ty =

; ; X—; ;
hsFLP — GFP ’ {FRT40Ary +} tub — Gal80 ’tub — Gal4~ +’ Cylcnldplvlprl — GFP +

To create null mutant aCC and RP2 motoneurons this cross was set up 48 hours before egg
laying with ~50 females and ~20 males. They were transferred into an egg laying chamber
(Figure 5), which was placed on an agar plate. To increase the amount of eggs a syringe was
used as egg laying chamber. Once the flies were inside, the available room was reduced by
further inserting the plunger. This forced the females onto the agar plate, which triggered
increased egg laying. After one hour egg laying agar plates were incubated for hours at 25°C to
reach the time point of birth of motoneurons aCC and RP2. To induce the heterologous
recombination eggs were heat shocked at 34 °C for 30 minutes. All embryos were collected and
transferred on fly food for four days at 25 °C or eight days at 18 °C to reach the third larval

stage.



Agar plate recipe:

200 ml red grape juice
6g sucrose

3g agarose (1.5 %)

=>» Bring to a boil in the microwave
=> Letit cool to 65 °C

3 ml 100% ethanol
1.5 ml glacial acetic acid

=>» Pour into petri dishes (4 cm @)
=>» After cooling store in the fridge

Figure 5: Egg laying chamber
syringe with inserted plunger on an
agar plate.

2.4 Muscle recordings

To investigate the function of the DmCalD channel we used an RNAI knockdown to reduce
the amount of protein. We drove expression of a short hairpin RNAI construct (HMS00294)
from the Transgenic RNAI Project (TRiP) stocks (Ni et al .2008; Perkins et al. 2015) in larval
motoneurons aCC and RP2. The hairpin construct has been inserted at an AttP-site with a
VALIUM vector (Vermillion-AttP-Loxp-Intron-UAS-MCS) into the third chromosome (Ni et
al. 2009). UAS-mCD8::GFP was co-expressed with the knockdown, therefore affected
terminals were labeled with GFP. As a control the same vector VALIUM was inserted at the
same site into the third chromosome in a vermillion (v}) and yellow (y*) background but without
the hairpin construct (Ni et al. 2008). If GAL4 is under control of the even-skipped promotor
like RRA-GALA4, expression takes place in larval motoneurons aCC and RP2. To obtain a strong
knockdown effect in only few aCC and RP2 motoneurons we used the even weaker RN2-GAL4

driver, which is also under control of the even-skipped promotor (Fujioka et al. 2003).



Furthermore, a UAS-FLP, which is activated in only few random aCC and RP2 cells by RN2-
GALA4 cuts out a stop-codon in the Act-GAL4, which is flanked by two FRT-sites (Hartwig et
al. 2008; line courtesy Dr. S. Sanyal, BIOGEN-Idec, Cambridge, MA, USA). This enables the
strong driver Act-GALA4 to express the RNAI construct and GFP to label knockdown affected
cells and results in a mosaic pattern of motoneurons in the VNC. We received a knockdown
strength of about 70 % in Ca?* current recordings during patch clamp from RP2 somas (Kadas
et al. in preparation). In general, RNAi knockdowns produce long double-stranded RNAs (300-
600 bp), which are cleaved by Dicer2 into multiple 21 bp long siRNAs binding to the target
MRNA (Elbashir et al. 2001; Dietzl et al. 2007; Ni et al. 2008, 2009, 2011). Here, we used a
short hairpin construct (70-90 bp) to generate a single 21 bp siRNA to specifically target the
MRNA of the DmCalD channel (Chang et al. 2006; Haley et al. 2008).

Knockdown
w*;  RN2-GAL4, UAS-mCD8GFP/CyO ; Act<Stop>GAL4, UAS-FLP X
yt sc” vl P{TRiP.HMS00294}attP2

Control
w*;  RN2-GAL4, UAS-mCD8GFP/CyO ; Act<Stop>GAL4, UAS-FLP X
yt vt P{UAS-GFP.VALIUM10}attP2

Because a knockdown doesn’t have to result in a complete absence of the protein, we tested a
knockout of the DmCalD channel, DmCal1D**°. The null mutation is embryonically lethal if
homozygous, therefore the only way to investigate a knockout was by using the MARCM
method (2.3). Here, we could generate few homozygous null mutant cells, labeled with GFP,
in an otherwise heterozygous animal (Wu et al. 2006). Control experiments were measured in

non-GFP-labeled terminals of heterozygous flies.

Table 8: Electrophysiological setup

Microscope BX51WI Olympus (Japan)

Micromanipulator HS-2A Headstage Molecular devices Axon

(x0.1 LU gain)

Instruments (USA)

Stimulator

Isolated Pulse Stimulator
Model 2100

A-M Systems (USA)

Differential Amplifier
(stimulation)

Differential AC Amplifier
Model 1700

A-M Systems (USA)

Amplifier (recording)

AxoClamp 2B

Molecular devices Axon
Instruments (USA)

Digitizer

Axon Digidata 1550

Molecular devices Axon
Instruments (USA)




Electrode puller Flaming/Brown Puller Model | Sutter Instrument Company
P-97 (USA)

Borosilicate glass microelectrodes with filament (OD 1 mm, ID 0.5 mm; Molecular devices
Sutter Instrument USA) were pulled with the settings: heat 495, pull strength 55, velocity 75,
delay 80 and air pressure 400, to generate measuring electrodes. For suction electrodes the
following settings were used: heat 462, pull strength 0, velocity 30, time 250 and air pressure

500. This program was looped 3 times till pulling was possible.

Third instar larvae with a DmCalD-knockdown (RNAI) and -knockout (MARCM) with the
respective controls were dissected as described above 2.2.1. To measure evoked postsynaptic
potentials (EPSPs) on a setup (Table 8) a sharp glass electrode filled with 2M KAc was inserted
into larval crawling muscles, which are innervated by aCC (1) and RP2 (1, 2, 3, 4, 9, 10, 18,
19, 20) (Hoang & Chiba 2001; Choi et al. 2004). The respective nerve was sucked up with a
saline filled suction glass electrode after the tip was carefully shortened to increase the opening
(Figure 6).

recording
electrode

suction
electrode

Figure 6: Scheme of the experimental procedure of extracellular stimulation. Third instar larvae are dissected
to expose larval crawling muscles 1-30. The nerve bundle branching into abdominal segment 2 or 3 is soaked into
a suction electrode to stimulate the terminals. A sharp glass electrode containing 2M KAc was placed into the
respective muscle recording evoked postsynaptic potentials.

The nerve was stimulated with a frequency of 5 Hz and 2-4 V. In each sample the required
voltage for one muscle contraction was doubled for the measurements. 30 s before and after a
5 Hz train a single PSP was evoked to get a control amplitude without short-term plasticity.
EPSPs were recorded using AxoClamp 10.2. Recordings with a membrane potential of at least
40 mV were chosen for analysis with Clampfit 10.2. Figure 7 shows a recording example of the

EPSPs from a 5 Hz stimuli train. The decrease in EPSP amplitude is synaptic depression. To



increase the effect of depression we lowered the standard saline calcium concentration (1.8mM)

to 1mM Ca?*. Concentrations even lower showed interferences of the membrane potential.

1 mM Ca?* saline: NaCl 128 mM; KCI 2 mM; MgCl, 4 mM; CaCl, 1 mM; HEPES 5 mM;
Sucrose 37 mM - pH 7,24 (NaOH) 300-310 mOsmol

Statistical analysis was done using SPSS 23. Data have been tested for normal distribution with
a Shapiro-Wilk test. Normally distributed data were analyzed using a T-test with independent
samples. Significance level was set at p < 0.05 (*), highly significant levels at p < 0.005 (**)
and p <0.001 (***).
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Figure 7: Depression in a recording example of evoked postsynaptic potentials (EPSPs). Upon stimulation
frequency of 5 Hz amplitudes of EPSPs decrease rapidly until they reach a steady state. The difference in amplitude
from beginning to steady state level is depression.
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2.5 FM1-43 uptake

To test the role of DmCalD in synaptic endocytosis we used the amphiphilic dye FM1-43. With
its lipophilic tail FM1-43 integrates into the lipid bilayer membrane. (Betz et al. 1992, Betz &
Bewick 1992, Ramaswami 1994). The positive charged head group prevents the dye from
membrane permeation by keeping it in solution. The two aromatic rings and the linking double-
bond bridge determine the excitation and emission wavelength. More double-bonds result in
longer wavelengths. The used FM1-43 has an excitation wavelength of 502 nm and an emission
wavelength of 626 nm (Figure 8). The protonated form of the fluorophore when solved in water



has a reduced quantum vyield, therefore only dye integrated into the membrane shows strong
fluorescence (Betz et al. 1996, Cochilla et al. 1999).

Tail group Bridge Head group

——O-0—E
N \ ,

Figure 8: Structure of the ampiphilic dye FM1-43. The lipophilic tail integrates into the presynaptic membrane
whereas the positive charged head group keeps the protein in solution thereby preventing it to pass the membrane.
The two aromatic rings and the linking double-bond determine the excitation wavelength (Gaffield & Betz 2007).

The staining procedure during synaptic transmission is shown in Figure 9. The styryl dye is in
bath solution surrounding the presynaptic membrane and subsequently integrates into it (Figure
9a). When exocytosis of transmitter filled synaptic vesicles takes place the membrane of the
vesicles has to be recycled afterwards. During this recycling process the dye is incorporated
into vesicles either by kiss and run retrieval or via clathrin-mediated endocytosis after a full
collapse. After a vigorous washout, dye uptake can be determined by measuring fluorescence
intensity. Loaded dye can be released again by inducing exocytosis (Figure 9b). During kiss
and run and a full collapse of synaptic vesicles the dye diffuses in the membrane or dissolves

into the aqueous bath solution (Kavalali & Jorgensen 2014).
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Figure 9: Uptake and release of FM1-43. (a) Exocyotsis is induced during bath application of FM1-43. FM1-43
is taken up into terminals by membrane retrieval. After washout of the dye fluorescence can be measured. (b)

Release of the dye is accomplished through inducing exocytosis. After washout of released dye remaining
fluorescent can be measured (Kavalali & Jorgensen 2014).



To separate the role of DmCalD in endocytosis of synaptic vesicles we used the inorganic
pharmacological blocker lanthanum (La*). In former studies it was used at concentrations of
40 uM to reduce endocytosis at the periactive zone at neuromuscular synaptic terminals of
Drosophila third instar larvae without knowing the target of La®>" (Kuromi et al. 2004, 2010).
To find out the optimal concentration of lanthanum we first tested the blocker during
intracellular muscle recordings. Because the DmCalD channel is widely spread in larval
crawling muscles of Drosophila EPSPs should diminish in addition of the blocker. At a
concentration of 1umol lanthanum in 1mM Ca?* saline EPSPs were completely eliminated

(appendix 6.2).

Statistical analysis was done using SPSS 23. Data have been tested for normal distribution with
a Shapiro-Wilk Test. Normally distributed data were analyzed using a T-test with independent
samples. Data are represented in bars and error bars indicate standard deviation. A Mann-
Whitney U test was accomplished with not normally distributed data. Illustration was done in
box plots (25-75 % quartile). Whiskers exhibit 1.5 times the interquartile range at maximum
(1.5xIQR) (Tukey 1977). Significance level was set at p < 0.05 (*), highly significant levels at
p <0.005 (**) and p <0.001 (***).

2.5.1 High potassium

Table 9: Saline composition

0 Ca**saline | 20 mM K* saline | 90 mM K* saline
NaCl (mM) 128 110 40
KCI (mM) 2 20 90
MgCl (mM) 4 4 4
CaClz (mM) 0 1.8 1.8
HEPES (mM) 5 5 5
Sucrose (mMM) 38 35 35

- pH 7,24 (NaOH) 300-310 mOsmol

Third instar larvae of the wildtype strain Canton S were dissected in 0 Ca?* saline (Table 9) to
prevent exocytosis of synaptic vesicles. Saline was replaced by high K* saline (20 mM or 90
mM) in addition of 4 uM FM1-43. After 1 minute incubation sample was washed with 0 Ca?*
saline for 5 minutes. When lanthanum was used 1 uM La®* in 0 Ca?* saline was incubated for
5 minutes before replacing high K* saline (20 mM or 90 mM) containing 4 uM FM1-43 and 1
UM La®*. Loaded boutons of muscles 6 and 7 (RP3) in the abdominal segments A2 or A3 were



recorded with a Hamamatsu digital camera C4742-95 and the image acquisition software
Simple PCI. To measure the unload event of the dye vesicle exocytosis was induced again by
high K* saline (90 mM) for 5 minutes. After a 5 minutes wash with 0 Ca?* saline the same
boutons, but unloaded, were recorded again. Mean grey analysis of FM1-43 uptake was done
with Fiji.

2.5.2 Stimulation protocol — 5 Hz

Because high potassium solutions initiate immense activity of all neurons we stimulated single
motoneurons extracellularly with a suction electrode. To reproduce the protocol used for
intracellular muscle recordings (2.4) with FM1-43 we stimulated the nerve, which projects onto
muscles 6 and 7 in the abdominal segments A2 or A3, with a frequency of 5 Hz (Figure 10).
Furthermore the same saline with a calcium concentration of 1mM was used. The experiment
was first done with 4 uM FM1-43. To reduce the amount of dye uptake the concentration was
reduced to 1 UM FM1-43. Third instar larvae were dissected in 0 Ca?* saline to prevent
exocytosis following endocytosis. Additional 5 minutes of incubation with 1 uM La** in 0 Ca?*
saline were done when lanthanum was added. To get visible loading we stimulated with 5 Hz
in ImM Ca?* saline with 4uM or 1 uM FM1-43 and 1 uM La*" under blocking conditions for
5 minutes. After 5 minutes washing with 0 Ca?* saline images were taken. To release the dye
from the terminals preparations were incubated in 60 mM K* saline for 5 minutes followed by

a 5 minutes 0 Ca?* saline washout. Mean grey analysis of FM1-43 uptake was done with Fiji.



Figure 10: Stimulation of a larval motoneuron axon via a suction electrode. Axons were cut to prevent
movement. Nerve projecting onto muscles 6 and 7 of the abdominal segements A2 or A3 is soaked into the
electrode. Stimulation leads to FM1-43 uptake into terminals.

2.5.3 Stimulation protocol — crawling bursts

Besides stimulation protocols with high potassium and 5Hz we wanted to achieve more
physiological conditions. Therefore we stimulated the axons forming boutons on muscle 6 and
7 (RP3) in the abdominal segments A2 or A3 with a crawling-like pattern. It consists of a 120
Hz burst for 0.25 seconds following a 1 second intraburst pause to the next 120 Hz burst for
0.25 seconds. We used normal saline (1.8 mM Ca?*), 4 uM FM1-43 and for blocking solution
1 pM La®". After a stimulus train of 1 minute, which equals to 50 bursts, we reduced the
stimulation to 20 bursts and to 5 bursts. To remove residual dye we washed 5 minutes with 0
Ca?" saline. For dye release preparations were incubated for 5 minutes in 60 mM K* saline
followed by a 5 minutes 0 Ca?* saline washout. Mean grey analysis of FM1-43 uptake was done
with Fiji.

2.6 Synaptic Ca?* Imaging with GCaMP3

To measure Ca?* influx into the presynapse we used the genetically encoded fluorescent Ca®*
indicator GCaMP (Nakai et al. 2001). The fluorescent protein consists out of a circularly
permuted enhanced GFP (cpEGFP) (Baird et al. 1999) which is connected to the Ca?* binding
protein calmodulin (CaM) at the N-terminus and to the CaM-binding peptide M13 (fragment
of myosin light chain kinase) at the C-terminus (Figure 11) (Crivici & Ikura 1995). In Ca®* free
environment cpGFP is protonated, leading to poor fluorescence. Upon binding of Ca?* to CaM



the interaction of CaM and M13 induces a conformational change in the cpGFP which closes
the protonating water pathway. The following rapid de-protonation results in a much brighter
fluorescence of the chromophore. By now there are many different improved forms of GCaMP
available. These include enhanced folding, faster kinetics and better fluorescent characteristics
(Tian et al. 2009; Akerboom et al. 2009, 2012; Chen et al. 2013). Here we used constructs
containing GCaMP3 (Tian et al. 2009) coupled to specific synaptic targets.

Figure 11: GCaMP structure: GCaMP consists out of a circularly permuted enhanced GFP (cpEGFP), Ca?*
Calmodulin (CaM) and the CaM interacting peptide M13 (myosin light chain kinase). On the left GCaMP is in a
protonated form and shows only poor fluorescence. Upon binding of calcium M13 interacts with CaM causing a
conformational change. cpEGFP is going to be deprotonated resulting in a much brighter fluorescent signal (altered
from Akerboom et al. 2009).

2.6.1 Presynaptic GCaMP3

In 2015, André Fiala’s lab created a UAS-construct to express GCaMP3 coupled to a rat
synaptophysin (Dreosti et al. 2009; Li et al. 2011; Pech et al. 2015). Drosophila does not have
a synaptophysin homolog so a rat-synaptophysin, which binds to SVs, is ectopically expressed
in larval motoneurons (Leube 1995). The rat synaptophysin also localizes to SVs in Drosophila
(Figure 12). Upon membrane depolarization voltage-dependent calcium channels open and
Ca?" flows into the terminal, which is visualized by the SV-bound GCaMP3. To mention here
is that SVs are present in the different pools all over the terminal. We drove expression of the
SypGCaMP3 construct under control of the motoneuron driver OK3-71. Third instar larvae
were dissected as in 2.2.1. Stimulation was done like in 2.5.2 with a suction electrode to induce
synaptic activity which causes presynaptic Ca?* influx. Stimulation protocol was the following:
Starting with 5 action potentials, 10 second pause, 10 actions potentials, 10 second pause and
20 action potentials. The frequency of 120 Hz correlates to the interburst pattern during larval

crawling (2.5.3). Ca?* induced fluorescence change was recorded with a Hamamatsu digital



camera C4742-95 and the image acquisition software Simple PCIl 6. To block DmCalD
channels we incubated samples with 1uM La** for 3 minutes. Analysis of AF/F was done using
Simple PCI 6.
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Figure 12: GCaMP3 targeted to synaptophysin. Ectopically expressed rat synaptophysin localizes to synaptic
vesicles. GCaMP3 is linked to the synaptophysin cytosolic C terminus. Upon Ca?* influx into the presynaptic
terminal GCaMP3 binds to Ca?* and undergoes a conformational change which leads to increased fluorescence
(Pech et al. 2015).

2.6.2 Postsynaptic GCaMP3

To measure synaptic transmission we used a postsynaptically expressed GCaMP3 (Peled &
Isacoff 2011, 2014). Under control of the myosin heavy chain (MHC) promotor GCaMP3 is
expressed in larval crawling muscles (Chiba et al. 1995). The fluorescent protein (Figure 13) is
coupled to the integral membrane protein CD8 at the N-terminus and the PDZ interaction
domain of the potassium channel Shaker (Sh) at the C-terminus (Zito et al. 1999). Through the
interaction of the PDZ domain with the PDZ protein disc large (DIg) the construct is localized
to the subsynaptic reticulum of muscles surrounding boutons and anchored in the membrane by
the protein CD8 (Zito et al. 1997; Tejedor et al. 1997). The localization of the Ca?* reporter
should facilitate detection of Ca?* influx exclusively through postsynaptic glutamate receptors
(GluRs) (Chang et al. 1994; Guerrero et al. 2005). Third instar larvae were dissected as in 2.2.1.
Stimulation was done like in 2.5.2 with a suction electrode to induce synaptic transmission
leading to postsynaptic Ca?* influx through GluRs. We stimulated with 1 action potential every
10 seconds to prevent synaptic plasticity. Ca®" induced fluorescence change was recorded with

a Hamamatsu digital camera C4742-95 and the image acquisition software Simple PCI 6. To



block DmCalD channels we incubated the samples with 1uM La®* for 3 minutes. Analysis of

AF/F was done using Simple PCI 6.
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Figure 13: Postsynaptic GCaMP3 construct MHC-CD8-SynapGCaMP3-Sh. GCaMP3 is coupled to the
membrane anchor protein CD8 and to the PDZ domain of the K* channel Shaker. The PDZ domain interacts with
the PDZ protein disc large which localizes to the subsynaptic reticulum surrounding boutons. Expression in muscle
is driven by the promotor myosin heavy chain (MHC) (adapted from Guerrero et al. 2005).

To test if the MHC-CD8-SynapGCaMP3-Sh construct does also recognize Ca?* influx through

postsynaptic DmCalD channels we directly injected current into larval crawling muscle 6 with

a sharp glass electrode. This will prevent Ca?* influx through postsynaptic glutamate receptors

but will lead to opening of voltage-gated DmCalD channels localized to the muscle membrane.

Table 10: Electrophysiological setup

Microscope

Axioskop 2 FS plus

Zeiss (Germany)

Micromanipulator

HS-2A Headstage
(x0.1 LU gain)

Molecular devices Axon
Instruments (USA)

Amplifier Axopatch 200B Molecular devices Axon
Instruments (USA)
Digitizer Digidata 1322A Molecular devices Axon

Instruments (USA)

Electrode puller

Flaming/Brown Puller Model
P-97

Sutter Instrument Company
(USA)

Borosilicate glass microelectrodes with filament (OD 1 mm, ID 0.5 mm; Molecular devices

Sutter Instrument USA) were pulled in an electrode puller with the settings: heat 495, pull

strength 55, velocity 75, delay 80 and air pressure 400, to generate sharp electrodes.




Third instar larvae of the wildtype strain Canton S were dissected as described above 2.2.1. To
stimulate muscle 6 on a setup (Table 10) we inserted a sharp glass electrode filled with 2M KAc
into the larval crawling muscle. Samples yielding a membrane potential above -60 mV were
discarded. Every 10 seconds a short current pulse of 2 nA was injected into muscle 6, using the
Axopatch amplifier, while Ca?* induced changes in fluorescence were imaged with a
Hamamatsu digital camera C4742-95 and the image acquisition software Simple PCI 6. AF/F

was analyzed using Simple PCI 6.

Normal saline: NaCl 128 mM; KCI 2 mM; MgCl; 4 mM; CaCl, 1.8 mM; HEPES 5 mM,;
Sucrose 37 mM - pH 7,24 (NaOH) 300-310 mOsmol



3 Results

To investigate the DmCalD channel we used the well characterized larval motoneurons aCC
and RP2 as well as the terminals on muscle 6 and 7 formed by MN6/7-Ib (RP3). An RP2
motoneuron consists out of four main compartments (Figure 14): the soma containing the
nucleus (1) the primary neurite from which the dendritic tree emerges (2) and then the axon (3)

that projects onto the larval crawling muscles, thereby forming synaptic terminals (4).

Figure 14: Compartments of a GFP positive larval RP2 motoneuron with modified scales. Starting from the
soma (1) embedded in the VNC, the primary neurite shows a great dendritic tree (2). The axon (3) then projects
onto a larval crawling muscle, thereby forming neuromuscular synaptic terminals (4).

3.1 Proof of DmCalD antibody specificity

In my previous work | studied DmCalD localization in Drosophila larval motoneurons aCC
and RP2. Former studies could indirectly proof presence of DmCalD in those neurons by patch
clamp experiments. A hypomorphic mutant DmCalD”R% and an RNAi-knockdown of the
protein resulted in a significant reduction of somatodendritic L-type current (Worrell & Levine
2008). The localization of DmCalD channels in motoneurons was determined by
immunocytochemistry. A human pan a-N-type Ca®* a-1B polyclonal antibody was published
to recognize DmCalA channels in Drosophila (Astorga et al. 2012). We showed specificity of
that antibody for DmCalD channels by multiple means: First, immunocytochemistry



experiments showed antibody staining in the sarcomeric structure of larval crawling muscles
(Figure 15B) and already hinted towards the DmCalD channel, which mediates Ca?* influx in
Drosophila muscles (Ren et al. 1998; Eberl et al. 1998). Second, the western blots: Proof of
antibody specificity was brought forward with a western blot of adult brain homogenate. Figure
15A shows western blot results with the potential DmCalD antibody and an a-GFP antibody.
Since embryonic tissue generated too much unspecific binding, we used a homogenate of 10
adult brains per lane. Because of embryonic lethality of DmCalD null mutants (DmCalD*!9)
we were forced to circumvent that proof of principle. Sequence analysis of the antibody yielded
the three VGCCs in Drosophila: DmCalA, DmCalD, and DmalG as possible binding proteins
(Santa Cruz Biotechnology, Santa Cruz USA). In wildtype control flies from the strain Canton
S (lane 1) a single band at around 275 kDa appeared, which corresponds to the predicted weight
of DmCalD of 276.4 kDa (Zheng et al., 1995). To exclude DmCalA as recognition target of
the antibody we used DmCalA null mutants cact®'?® and pan-neuronally expressed (elav©!®-
Gal4) the cloned splice variant cacl of DmCalA (Kawasaki et al. 2002) with an enhanced-GFP
tag (UAS-cacl-eGFP). This tag can be recognized by an o-GFP antibody (lane 2 and 4). When
incubated with the a-DmCalD antibody, the same single band, as in the control, at around 275
kDa appeared (lane 2). Application of an a-GFP antibody on the same sample resulted in a
broad signal between 205-240 kDa (lane 4), which does not occur in Canton S controls (lane
5). Therefore, DmCalA clearly yields a band at a different size than the one detected with the
a-DmCalD antibody. In case of the DmalG channel we used the published null mutant
ADmalG, since homozygous flies reach adulthood (Ryglewski et al. 2012). Again, in animals
without any 1G protein, the DmCalD antibody detected one single band at 275 kDa, thus
showing that the antibody does not detect DmolG channels. Third, we did
immunocytochemistry in larval motoneuron somas of genetic mosaics expressing DmCalD
RNAI knockdown or DmCalD*'® MARCM knockout (Figure 16). We expressed the short
hairpin RNAi-construct under control of the RN2-GAL4,UAS-FLP driver (D-F). RNAI
expressing cells are also GFP positive. RP2 and aCC motoneurons, which do not express RNAI
and GFP, served as internal controls. As additional control for potential effects of GFP on
DmCalD expression, RN2-GAL4,UAS-FLP was crossed to w8, In the control, one out of
three MN somata is labeled with GFP (A-C), but they all show similar DmCalD staining
intensities (B). By contrast, in genetic mosaics, RNAi and GFP expressing MNs (D-F) show a
weaker DmCalD signal in comparison to internal non-GFP labeled control motoneurons (E).
We used the MARCM technique to generate homozygous DmCalD*® null mutant

motoneurons in heterozygous animals (G-1). Homozygous null mutant motoneurons are GFP



positive (H). GFP negative motoneurons served as internal controls (I). In comparison to
internal control motoneurons, The GFP positive null mutant motoneuron show no DmCalD
staining in the soma (G-I). These results proof that the human pan o-N-type Ca®** o-1B

polyclonal antibody specifically recognizes DmCalD channels in Drosophila.
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Figure 15: Proof of a-DmCalD antibody specificity in western blot and immunocytochemistry of muscle.
Each pocket was loaded with a homogenate of 10 brains. A Western blotting with a-DmCalD of Canton S controls,
DmCalA (Cac) null mutants with pan-neuronal expression of cacl-eGFP and Dmal G null mutants show a single
band at around 275 kDa, which corresponds to the predicted weight of the DmCalD channel (276.4 kDa, Zheng
et al. 1995). Western blotting with a-GFP of DmCalA (Cac) null mutants with pan-neuronal expression of cacl-
eGFP shows a broad signal at around 220 kDa, which is not present in Canton S controls. The predicted size of
cacl-eGFP is 239 kDa (Kawasaki et al. 2002). B Immunostaining of larval body wall muscle with the DmCalD
antibody labels the sarcomeric structure of the muscle.
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Figure 16: Reduced DmCalD staining in larval motoneurons expressing DmCalD RNAIi knockdown and no
DmCalD staining in DmCalD MARCM knockout larval motoneurons. Double-staining of the larval ventral
nerve cord (VNC) with a-GFP (green) and a-DmCalD (red). Single sections. A-C GFP is expressed under control
of RN2-GAL4,UAS-FLP as control. Magnification of three motoneurons stained with a-GFP and a-DmCalD.
The three MNs show similar DmCalD staining intensities D-F Larval motoneurons (RN2-GAL4,UAS-FLP)
expressing DmCalD-RNAI knockdown and GFP. DmCalD staining is reduced in the RNAi and GFP positive
MN. G-1 DmCalD MARCM knockout positive motoneurons are GFP-labeled. The DmCalD knockout and GFP
positive MN shows no DmCalD staining in comparison to internal controls.

Immunocytochemistry with the a-DmCalD antibody revealed DmCalD localization in aCC
and RP2 motoneurons. In Figure 17 the ventral nerve cord (VNC) of a third instar larva is
stained with a-GFP (green), a -Bruchpilot (blue) and a- DmCalD (red). GFP is expressed under
control of the larval motoneuron driver RRA-GALA4. The active zone marker Bruchpilot labels
every synapse in the neuropil. DmCalD localizes to the somata of larval motoneurons aCC and
RP2 (Figure 17C). DmCalD label can be seen in tracts and commissures within the VNC, thus
indicating axonal localization. In addition to that, motoneuron axons emerging from the VNC
in bundles show DmCalD staining (arrowhead Figure 17C). Presence of the DmCalD in



motoneuron axons could either be caused by functional L-type calcium channels in the axonal

membrane, or alternatively, by DmCalD channel transport along the axon to synaptic terminals.

Figure 17: a-DmCalD staining in larval aCC and RP2 motoneurons to somata and axons. VNC of the larval
genotype RRA-GAL4-GFP stained with a-GFP (green), a-Bruchpilot (blue) and a-DmCalD (red). Projection of
25 slices. A GFP is labeled in larval motoneurons aCC and RP2 including soma, dendrites and axons. B The active
zone marker Bruchpilot stains every synapse of the neuropil. C DmCalD staining reveals motoneuron somata
(dotted circles) and axons (arrowheads). Tracts and commisures within the VNC are also labeled (empty
arrowheads). D Overlay of all three stainings.

These possibilities were further analyzed by Ca?* imaging experiments. In collaboration with
Dr. Carsten Duch, we showed activity dependent Ca?* influx into motoneuron axons, thus
indicating functional DmCalD channels in the axonal membrane. Initiating single action
potentials in a GCaMP6f (Chen et al. 2013) expressing RP2 motoneuron by extracellular
stimulation of the nerve with a suction electrode causes axonal Ca?" influx. A single action
potential is sufficient to increase the axonal Ca?* concentration by 4 % (Figure 18), the intra-
axonal calcium responses increase with the number of action potentials at a stimulation
frequency of 80 Hz, and it saturates at 5 action potentials at about 10% increase (Figure 18).
These data clearly demonstrate that DmCalD channels localize to the axonal membrane of
motoneurons and mediate Ca* influx into axons upon single action potentials. The function of

axonal DmCalD channels is discussed in 4.1.
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Figure 18: Action potential-induced calcium signals in an RP2 motoneuron axon. The upper row shows Ca?*
imaging of an axon stimulated with action potentials (1-5 APs). Mean grey was measured in the encircled areas.
The more action potentials, the more increases AF/F (Ref. Carsten Duch).

Selective enlargements of the DmCalD staining in the VNC indicated additional DmCalD
channel localization to dendrites of aCC and RP2 motoneurons (Figure 19). DmCalD doesn’t
localize to the entire dendritic tree, but appears to be clustered to patches of dendritic membrane
regions. The dendritic function of DmCalD in Drosophila motoneurons was further studied in
collaboration with Drs. Kadas, Ryglewski, Worrell, and Duch. We found that dendritic
DmCalD channels amplify synaptic drive to motoneuron dendrites, a function that is
reminiscent to that of dendritic L-type calcium channels in vertebrate spinal motoneurons
(Heckmann et al. 2003). A respective manuscript is in preparation, but given the large number
of contributing authors, this thesis will focus on the axonal and presynaptic function of DmcalD

channels.

Figure 19: DmCalD shows clustered localization to dendrites of larval aCC and RP2 motoneurons. RRA-
GALA4-GFP larval ventral nerve cord (VNC) with magnification of two dendritic trees A-C and D-F, stained with
a-GFP (green) and o-DmCalD (red). Single sections. In A and D GFP labels dendrites of larval motoneurons. B
and E DmCalD staining is present in certain dendritic branches (arrows) but also lacks in many aborizations
(arrowhead). C and F Overlay of the two stainings shows overlap of GFP and DmCalD, indicated by arrows.



3.2 Presynaptic localization of DmCalD
By following DmCalD staining along the axon we discovered the channel at presynaptic

terminals on larval crawling muscles (Figure 20). Because of DmCalD label in the axon, at

terminals and in muscles it is hard to distinguish the different compartments.

Figure 20: DmCalD seems to localize at synaptic terminals of larval aCC and RP2 motoneurons. A The axon
projects onto a larval crawling muscle thereby forming synaptic terminals (encircled). B Magnification of the
dotted square in A shows DmCalD antibody label at the presynapse of synaptic terminals.

To proof that DmCalD channels localize to synaptic terminals, we co-labeled DmCalD with
synaptic markers: The vesicle-bound protein Synaptotagmin and the active zone marker
Bruchpilot (Figure 21). Synaptic vesicles (SVs) accompanied by Synaptotagmin are situated
throughout the entire terminal in the reserve and recycling pool, at active zones ready to release
and at the periactive zone undergoing endocytosis. Because the antibodies against Bruchpilot
and Synaptotagmin share the same host (mouse), a tagged Bruchpilot-short construct served as
active zone marker in co-stainings. The construct is a short part of the Bruchpilot protein, which
localizes naturally at the active zone to endogenous Bruchpilot proteins. It also carries an
mStrawberry-tag, which is visible in red wavelength (Schmid et al. 2008; Fouquet et al. 2009).
Staining of DmCalD (red) with Synaptotagmin (green) and the tagged Bruchpilot-short (blue)
construct show that DmCalD localizes to presynaptic terminals. Synaptotagmin occasionally
co-localizes with Bruchpilot (Figure 21C+E) and DmCalD (Figure 21E+K). Because
Synaptotagmin is a vesicle bound protein, it localizes to active and periactive zones. Vesicles
undergo exocytosis at active zones labeled by Bruchpilot and they are retrieved at the periactive

Zone.



Figure 21: DmCalD channels localize to synaptic terminals of larval aCC and RP2 motoneurons. Triple
staining of NMJ boutons with a-Synaptotagmin (green), Bruchpilot-short Strawberry (blue) and a-DmCalD (red)
in single sections. A-F and G-L show one section respectively with Synaptotagmin (A+G), Bruchpilot (B+H) and
DmCalD (D+J). Arrows in C and | indicate partially overlapping of Synaptotagmin and Bruchpilot.
Synaptotagmin and DmCalD in E and K show nearly no co-localization at all (arrows) beside the arrowhead in
E. All three stainings in F and L show sparse overlap (arrows in L). Arrows in F show partial overlap of Bruchpilot
and Synaptotagmin.

We could show that DmCalD channels localize to the presynaptic membrane of synaptic
terminals. To further reveal the subsynaptic localization of DmCalD we used several different
antibodies against proteins of specific regions at the presynapse. The T-bar forming CAZ
protein Bruchpilot and the SV release-mediating calcium channel DmCalA (Cacophony)
served as active zone markers. Fasciclin 11 and Endophilin are proteins of the periactive zone.
To show DmCalA localization we used the cacl-eGFP construct (Kawasaki et al. 2002), which

is one single splice variant of the protein with an eGFP-tag. Because the antibodies against



Bruchpilot and Fasciclin 1l share the same host mouse, a tagged Bruchpilot-short construct

served as active zone marker in co-stainings.

3.2.1 Active zone

The most famous and commonly used active zone marker in Drosophila is the CAZ-associated
protein Bruchpilot. As mentioned before (1.8), Bruchpilot is essential for T-bar formation at
active zones, which enables coupling of SVs and VGCCs DmCalA (Kittel et al. 2006 a+b).
The antibody nc82 binds to the C-terminus of the Bruchpilot protein (Wagh et al. 2006).
Stainings with nc82 (blue) and a-DmCalD (red) of synaptic boutons (Figure 22) show an

alternating pattern of the two proteins (arrows in C and F) at the terminal. Little overlap is

indicated by arrowheads in C and F. Images show single slices with ~ 1um thickness.

Figure 22: DmCalD channels do not localize to the active zone, labeled by Bruchpilot. Synaptic terminals
stained with the known active zone marker Bruchpilot (blue) and DmCalD (red). A-C and D-F show single slices.
D-F Magnification of the left bouton. A+D Bruchpilot staining labels active zones of synaptic boutons. B+E
DmCalD staining at the terminal. C+F Overlay of Bruchpilot and DmCalD stainings. Bruchpilot and DmCalD
show alternating patterns (arrows). DmCalD localizes to axon and terminals, thereby also overlaps with Bruchpilot
staining (arrowheads).

In the center of T-bar formations at active zones DmCalA (Cacophony) channels are localized
to mediate Ca?" influx which triggers fusion of docked SVs with the presynaptic membrane to
release neurotransmitters into the synaptic cleft (Fouquet et al. 2009; Liu et al. 2011; Maglione
& Sigrist 2013). Again, we made use of the available UAS-cacl-eGFP construct (Kawasaki et
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al. 2002) and drove expression under the pan-neuronal driver elav
background (cact©!?®). Live imaging revealed the typical dotted pattern of active zones in
synaptic boutons (Figure 23A). DmCalA (green) and DmCalD (red) show no co-localization
(arrows in Figure 23C) after a shortened immuno-protocol. DmCalD yields a linear structure
along the terminal branch in Figure 23B and C. However, when the immunocytochemistry
protocol was performed as in 2.2.3, cacl-eGFP staining intensity decreased and more broad

labels appeared instead of typical active zone circles (Figure 23D-F). Nonetheless, DmCalA

and DmCalD co-stainings yield nearly no overlap (Figure 23F).

Figure 23: DmCalD channels do not localize to the active zone, labeled by DmCalA. Synaptic terminals
stained with the DmCalA/Cacophony construct cacl (green) and DmCalD (red). A+D Cacl-eGFP expressed
under a pan-neuronal driver in a DmCalA null mutant (cact®'?°) background. A-C show cacl1-eGFP live and a-
DmCalD staining in a stack of 4 slices. D-F demonstrate a-GFP (green) and a-DmCalD (red) in a stack of 10
slices. In C DmCalD staining is linear-like and follows through all boutons. Arrows show no overlap of GFP and
DmCalD stainings in C and F.

3.2.2 Periactive zone

The DmCalD channel doesn’t seem to be localized at the highly specialized active zones in
synaptic terminals. Hence, it localizes to the AZ surrounding area at synaptic boutons called
the periactive zone. We used two published periactive zone markers to reveal DmCalD
localization within the periactive zone: Endophilin and Fasciclin Il. Fasciclin Il (Fas 1) is a
homophilic cell adhesion molecule which is localized pre- and postsynaptically and has an
important function in synapse growth and stabilization (Harrelson & Goodman 1988;
Grenningloh et al. 1991; Schuster et al. 1996). Furthermore, it could be shown that Fas Il
localizes to the periactive zone. Thereby, it does not substantially co-localize with the endocytic
machinery including Dynamin, Endophilin and Dap 160 (Marie et al. 2004). To compare the

localizations of Fas 11 (green) and DmCalD (red) we did immunocytochemistry together with



a-Bruchpilot (blue) to distinguish the active zone (Figure 24). The overlay of Fas Il and Brp in
Figure 24C shows an alternating pattern of the two stainings (arrows). DmCalD and Fas Il
show distinct localizations (arrows) or overlaps at some sites (Figure 24 arrowheads). This
confirms that Fas Il does not localize to active zones labeled with Bruchpilot. DmCalD does

not co-localize with Fas Il at the periactive zone (Figure 24E).

Figure 24: DmCalD staining does not co-localize with Fasciclin Il at the periactive zone. Synaptic terminals
stained with (A) the periactive zone marker Fasciclin 11 (green), (B) the active zone marker Bruchpilot-short (blue)
and (D) DmCalD (red). Single slice. In C arrows indicate an alternating pattern of a-Bruchpilot and a-Fasciclin
Il (Fas I1) with single sites of little overlap (arrowheads). There is no overlap of DmCalD and Fas Il in E indicated
by arrows and partial overlap is shown with arrowheads. All three stainings in F show mainly distinct localizations
(arrows).

In earlier stainings of Fas Il (green) and DmCalD (red) without a-Bruchpilot we observed less
background staining regarding DmCalD (Figure 25). These data reveal Fas Il and DmCalD
stainings more accurately and show that the two proteins localize in close proximity to each
other with partial overlap at the edges (Figure 25C and F arrowheads). Over time we faced
several problems concerning microscope hardware and antibody purity which couldn’t be

solved so far.



Figure 25: DmCalD staining localizes closely to Fasciclin 1 at the periactive zone. Double staining of synaptic
terminals with a-Fasciclin 1l (green) and a-DmCalD (red). A-C and D-F respectively display different single
sections. Fas Il staining is shown in A and D, DmCalD in B and E. Merges of both antibodies in C and F reveal
close proximity and partial overlap of Fas Il and DmCalD (arrowheads).

The second periactive zone protein we used as marker is Endophilin. Endophilin is part of the
endocytic machinery containing an SH3 and an enzymatic domain (Schmidt et al. 1999). It is
involved in membrane bending and it interacts with Dynamin (Micheva et al. 1997; Ringstad
et al. 1999; Dickman et al. 2005). Loss of Endophilin leads to elimination of clathrin-mediated
endocytosis (Verstreken et al. 2002). An antibody against Endophilin was kindly provided by
the Bellen lab (BCM Houston). First, we stained only Endophilin (green) and Bruchpilot (Brp-
short construct) (blue) to compare the results with published data (Verstreken et al. 2002; Marie
etal. 2004). Stainings of Endophilin and Bruchpilot show no overlap (Figure 26 A-C) at synaptic
terminals. Endophilin covers the whole periactive zone, and the active zone marker Bruchpilot
labels within the gaps of the Endophilin label (Figure 26D-F). This contradicts former studies
which showed that Endophilin localizes to specific areas within the periactive zone (Marie et
al. 2004).



Figure 26: Endophilin labels the whole periactive zone while Bruchpilot labels active zones. Periactive zone
marker Endophilin (green) and active zone marker Bruchpilot-short (blue) at terminals of the NMJ. A-C and D-F
are different single sections. a-Endophilin staining is shown in A and D, Bruchpilot staining in B and E. Arrows
in the antibody merge in C indicate distinct localizations of Endophilin and Bruchpilot. Arrowheads show partial
overlap. Encircled staining-free areas of the Endophilin antibody at the bouton in D are filled with Bruchpilot
staining (E and F).

In Figure 27 we stained Endophilin (green), Bruchpilot (blue) and DmCalD (red). Again,
Endophilin and Bruchpilot show little to no overlap (Figure 27C and I). DmCalD staining
yields much background (Figure 27A-F) which makes it difficult to differentiate between
specific and unspecific antibody staining. DmCalD mainly does not overlap with either
Endophilin (E) or Bruchpilot (F) (arrows) except of single overlapping sites (arrowheads). In
G-L DmCalD label is more distinct and shows no overlap with Bruchpilot (L). Endophilin
yields a similar staining pattern as DmCalD (L) with Bruchpilot (I). The overlay of DmCalD
and Endophilin (K) reveals that the similar patterns only overlap at the edges of both antibody
labels. Consequently, DmCalD channels localize to the periactive zone of synaptic terminals

in close proximity, with partial overlap, to Endophilin, which is part of the endocytic machinery.



Figure 27: DmCalD channels localize to the periactive zone and show partial overlap with Endophilin. Triple
staining of NMJ synaptic boutons with a-Endophilin (green), Bruchpilot-short (blue) and a-DmCalD (red). A-F
and G-L are two different single sections. Endophilin (Endo) staining is to be seen in A and G, Bruchpilot-short
(Brp-sh) in B and H, DmCalD label in D and J. Merging of Endo and Brp in C and | shows an alternating pattern
of the two antibodies (arrows). Empty arrowheads in C indicate co-localization of Endo and Brp-sh. Arrowheads
point at partial overlap of Endo and Brp. Merges of Endo and DmCalD stainings are shown in E and K. Antibodies




partially overlap (arrowheads) or are distinct to each other (arrows). F and L picture the merge of Brp-sh and
DmCalD. The two stainings overlap in some areas (arrowheads) but mainly appear distinct (arrows).

3.3 Genetic tools to probe the function of presynaptic DmCalD channels in
motoneuron terminals

To investigate the function of the DmCalD channel we used different genetic tools available in
Drosophila as well as pharmacological substances. A strong knockdown of the channel protein
was achieved by using RNAI from the TRiP-line collection (Transgenic RNAI Project). To
destroy mRNA these constructs use the endogenous way of microRNAs (Ni et al. 2008; 2009).
The UAS-short-hairpin construct appeared to show a strong knockdown when expressed under
a strong GAL4 driver (Dimitrios Kadas). Because of the embryonic lethality of the DmCalD
null mutant allele X10 we generated GFP-labeled mosaic null mutants with the MARCM
(mosaic analysis with a repressible cell marker) method to test a complete knockout of the
channel protein (Eberl et al. 1998). In an otherwise heterozygous null mutant animal we induced
a heterologous recombination during specific time points in development to generate single null
mutant cells (Wu et al. 2006). In addition to that the anorganic Ca®* antagonist La** was used
in minor concentrations to block Ca?* influx through DmCalD channels. La®*" and Ca?* ions
compete for the negatively charged binding sites whereby La®" displaces Ca?* (Cauvin et al.
1983). Former studies used 40 uM lanthanum to block endocytosis. Because we know its target,
the DmCalD channel, we tested the concentration needed to eliminate postsynaptic potentials

(Appendix 6.2). At a concentration of 1 uM La®" evoked postsynaptic potentials were abolished.

3.3.1 RNA interference

To test the effect of the DmCalD calcium channel in synaptic depression we first tested an
RNAI-knockdown of the channel using a Transgenic RNAI Project (TRiP) stock (Ni et al .2008;
Perkins et al. 2015). The UAS short-hairpin RNAI construct (HMS00294) was crossed to the
RN2-flippase line to generate a genetic mosaic with a strong knockdown, driven under the
Actin-GAL4 driver in a subset of RP2 and aCC motoneurons (see methods 2.4). Briefly, if
GAL4 is under control of the even-skipped promotor RRA-GAL4 the pattern of larval
motoneurons looks like in Figure 28A-C. To obtain a strong knockdown effect in only few aCC
and RP2 motoneurons we used the even weaker RN2-GAL4 driver, which is also under control
of the even-skipped promotor. Furthermore a UAS-FLP, which is activated in only few random
aCC and RP2 cells by RN2-GALA4, cuts out a stop-codon flanked by two FRT-sites from Act-
GALA4. This enables the strong driver Act-GAL4 to express the hairpin RNAI and GFP to label



knockdown affected cells (Hartwig et al. 2008) resulting in a mosaic pattern of motoneurons in

the VNC (Figure 28D-F).

Figure 28: Genetic mosaic expression pattern of the RN2-GAL4, UAS-FLP driver in larval aCC and RP2
motoneurons. Ventral nerve cord of third instar larvae labeled with a-GFP (A+D green) and a-Bruchpilot (B+E
blue). A-C GFP expression under control of RRA-GAL4 in larval motoneurons aCC and RP2. D-F Mosaic
expression of GFP with RN2-GAL4, UAS-FLP in only a subset of aCC and RP2 motoneurons.




3.3.1.2 Knockdown-affected synaptic terminals of MNs

We also tested the knockdown efficacy of DmCalD RNAI directly at neuromuscular junctions
of larval crawling muscles by immunocytochemistry (Figure 29). Again, we expressed the short
hairpin RNAIi-construct under control of the RN2-GAL4,UAS-FLP driver (D-F). Knockdown
cells are GFP positive. To unambiguously identify presynaptic terminals we used the active
zone marker Bruchpilot. In mosaic control animals and following mosaic RNAI expression we
always imaged two nearby Bruchpilot-stained terminals (B, F, J, N), one of each is labeled with
GFP and one without (A, E, I, M). The GFP positive terminals originate from RP2 cells which
form type Is boutons. The internal control terminal without GFP forms type Ib boutons (Hoang
& Chiba 2001). In both terminals of the control (GFP +/-), DmCalD staining intensities appear
equally strong (C). By contrast, following a mosaic RNAi knockdown, the GFP positive
terminal reveals little to no DmCalD signal at all as indicated by arrows (G, K, O). Expression
of DmCalD TRiP RNAI under control of the RN2-GAL4,UAS-FLP driver results in a strong
knockdown of the VGCC DmCalD in synaptic terminals. GFP positive terminals yield reduced
Bruchpilot staining in comparison to GFP negative terminals in some of the samples. A
quantitative analysis of Bruchpilot staining in Is and Ib boutons was done by Nina Eckl (2016).
It could be shown that Bruchpilot staining intensities in Is and Ib boutons in the same plane are
indistinguishable. DmCalD seems to have no effect on the number of Bruchpilot molecules in

synaptic terminals.



Figure 29: DmCalD RNAI knockdown in GFP positive terminals of larval motoneurons shows reduced
DmCalD staining. Triple staining of presynaptic terminals from two different axons. A-D, E-H, I-L and M-P
show single sections respectively. a-GFP (green) is expressed under control of RN2-GAL4,UAS-FLP and labels
one of two terminals in each section (A, E, I, M). A-D represent the control RN2-GAL4,UAS-FLP crossed to
w8 E-H, I-L and M-P show RNAi knockdown affected terminals (arrows) which are labeled with GFP (RN2-
GAL4,UAS-FLP crossed to HMS00294). In B, F, J and N both terminals are labeled with the active zone marker
Bruchpilot (blue). DmCalD (red) staining is shown in C, G, K and O. In RNAi knockdown animals the GFP-
labeled terminal (arrows) displays very sparsely to none DmCalD whereas the other terminal (non-GFP) shows a
clear staining. In the control both terminals are labeled with DmCalD.

3.3.2 MARCM

To investigate the functional consequences of complete loss in motoneurons in genetic mosaics
of the DmCa1D channel we used the null mutant DmCal1D*!°, Because of the fact that the null
mutation is homozygous lethal the only way to achieve a viable knockout was by using the
MARCM (Mosaic Analysis with a Repressible Cell Marker) technique (Wu et al. 2006). We

generated few homozygous null mutant motoneurons in an otherwise heterozygous animal.



Null mutant cells are GFP positive (2.3). Those animals reach larval stages and adulthood which
makes knockout affected cells available for electrophysiological and immunocytochemical
investigations. To generate MARCMSs of larval motoneurons aCC and RP2 the heat shock has
to happen during development of these cells in the embryo. A heat shock 2 hours after egg

laying for 30 minutes in a 34 °C water bath results in a VNC pattern like in Figure 30. Larval

motoneurons are labeled with arrows (A).

Figure 30: MARCM positive larval aCC and RP2 motoneurons. Projection view of 20 slices. A a-GFP (green)
label indicates 1DX10 positive motoneurons (arrows). Heat shock was induced 2 hours after egg laying for 30
minutes in a 34°C water bath. B Neurpil of the ventral nerve cord stained by the active zone protein Bruchpilot
(blue). C Overlay of GFP and Bruchpilot antibody stainings.

3.3.2.1 MARCM knockout-affected synaptic terminals of MNs

| also looked at synaptic terminals of homozygous null mutant motoneurons on larval crawling
muscles (Figure 31). To identify presynaptic terminals we used the active zone marker
Bruchpilot. In all samples we acquired two nearby Bruchpilot-stained terminals (B, F, J, N, R)
one of each labeled with GFP and one without (A, E, I, M, Q). In the control (RN2-GALA4,
UAS-FLP crossed to w*''8) both terminals (GFP +/-) are equally stained with DmCal1D (C).
Null mutant terminals (G, K, O, S) show no DmCalD signal (arrows) in comparison to the
second non-GFP labeled terminal. This confirmed that | successfully used the MARCM
technique to generate genetic mosaics in which only a subset of aCC or RP2 motoneurons is
homozygous DmCalD null mutant in an otherwise heterozygous background.



Figure 31: DmCalD MARCM knockout at GFP positive terminals of larval motoneurons shows no DmCalD
staining. Triple staining of presynaptic terminals from two different axons in MARCM positive animals. A-D, E-
H, I-L, M-P and Q-T show single sections respectively. GFP (green) is expressed under the control of RN2-
GAL4, UAS-FLP (control) or of Tub-GAL4 in homozygous null mutant (1DX10) cells. Only one of two terminals
is GFP positive in each section (A, E, I, M,Q). A-D represent the control (RN2-GAL4, UAS-FLP crossed with
w1118). E-H, I-L, M-P and Q-T show MARCM affected, and therefore 1D null mutant terminals (arrows) which
are labeled with GFP. In B, F, J, N and R both terminals are labeled with the active zone marker Bruchpilot (blue).
DmCalD staining (red) is shown in C, G, K, O and S. In MARCM knockout positive animals the GFP-labeled
terminal (arrows) displays no DmCalD staining whereas the other terminal (non-GFP) shows clear antibody
labeling. In the control both terminals (GFP +/-) are stained with DmCalD.

3.4 Intracellular muscle recordings

Via immunocytochemistry with the specific DmCalD antibody I could show the efficacy of the
RNAI knockdown and the MARCM knockout in presynaptic terminals of larval motoneurons.
I now used these two techniques to reveal the function of DmCalD at the presynapse.

According to our hypothesis that DmCalD plays a role in synaptic vesicle retrieval via



endocytosis, reduction or loss of DmCalD would impair the recycling process. Thereby, fewer
vesicles should be available for release during repetitive stimulation, thus increasing synaptic
depression. To measure synaptic depression during repetitive stimulation from the postsynaptic

muscle | recorded evoked post synaptic potentials (EPSPs) from larval crawling muscles.

3.4.1 RNAi knockdown

To evoke post synaptic potentials (EPSPs) we extracellularly stimulated GFP labeled
knockdown axons with a frequency of 5 Hz (2.4). A sharp glass electrode was placed into the
muscle innervated by the same axon and the membrane potential was recorded in current clamp
mode (Figure 32). During repetitive stimulation at 5 Hz, EPSP amplitude decreases over time
until a steady state is reached. This short-term plasticity is called synaptic depression. The
steady state likely indicates a balance between recycling and release during ongoing
stimulation. The first 10 s of each recording, which corresponds to 50 EPSPs, were used for
analysis. Synapses affected by the knockdown show a steeper decrease in EPSP amplitude over

time until the steady state is reached.
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Figure 32: Synaptic depression is increased in aCC and RP2 motoneurons expressing DmCalD RNAI
knockdown. Evoked post-synaptic potentials (EPSPs) — recording examples of motoneurons expressing DmCalD
RNAI TRiP-HMS00294 and the respective control. Amplitudes of EPSPs in mV as a function on time in seconds
decrease till a steady state is reached. The first 10 seconds of each recording were used for quantitative analysis.

Synaptic depression was measured by the decrease in EPSP amplitude over time. Therefore,
EPSP amplitudes were normalized to the first amplitude in recordings from 10 animals. Figure



33 shows fits of 10 control recordings (grey, n=10) and 10 knockdown recordings (light blue,
n=10). Data were fitted with a first order exponential standard fit in Clampfit 10.2. After the
initial decrease controls reach the steady state at around 85 % of the first EPSP amplitude after
5 seconds during stimulation. The relative EPSP amplitudes of knockdown cells decrease to a
steady state level of around 80 % of the first EPSP amplitude after 7 seconds. A statistical
analysis was done comparing control and knockdown after the steady state is reached. The
normally distributed data show a highly significant difference in a T-test (p<0.001).
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Figure 33: Increased synaptic depression in aCC and RP2 motoneurons expressing DmCalD RNAI
knockdown. Intracellular recordings of larval crawling muscles innervated by knockdown affected motoneurons
with a 5 Hz stimulus protocol. Relative amplitude, normalized to the first amplitude, of evoked postsynaptic
potentials (EPSPs) is plotted against time in seconds. Results of RNAi-knockdown motoneurons are shown in light
blue (n=10) and the respective control in grey (n=10). Initially, both curves decrease equally. After 1-2 seconds
EPSP amplitudes of RNAIi knockdown cells decrease even stronger and remain at around 80 %. Control amplitudes
stay stable at around 85 %. Statistical analysis with a T-test yields a highly significant difference between control
and knockdown after reaching the steady-state (7 s) (p<0.001).

3.4.2 MARCM knockout

The same protocol for extracellular stimulation as in 3.5.1 was used in DmCalD null mutant
motoneurons generated by MARCM (Figure 34). GFP positive motoneurons, homozygous for
the null mutant allele DmCalD**°, were compared with GFP negative control motoneurons in
heterozygous null mutant animals. To measure synaptic depression we analyzed the decrease
in EPSP amplitude over time. EPSP amplitudes of 10 knockout and 10 control animals were
normalized to the amplitude of the first EPSP. For analysis we used the first 50 EPSPs of each
recording. After several seconds of repetitive stimulation a steady state in EPSP amplitude is



reached. In DmCalD null mutant motoneurons EPSP amplitudes decrease stronger in

comparison to respective controls.
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Figure 34: Synaptic depression is increased in DmCalD MARCM knockout positive aCC and RP2
motoneurons. Evoked post-synaptic potentials (EPSPs) — recording examples of DmCalD MARCM null mutant
cells and the respective control. Amplitudes of EPSPs in mV as a function on time in seconds decrease till they
reach a steady state. MARCM knockout positive terminals show increased synaptic depression in comparison to
controls. The first 10 seconds of each recording were used for quantitative analysis.

EPSP amplitudes were normalized to the first amplitude in recordings from 10 animals,
respectively. Results of 10 control recordings (black, n=10) and 10 knockout recordings (blue,
n=10) were fitted in Figure 35. Data were fitted with a first order exponential standard fit in
Clampfit 10.2. After the initial small decrease controls reach the steady state at around 90 %
already after 3 seconds during stimulation. Knockout cells yield a much larger decrease in
relative EPSP amplitude and stay stable at around 77 % after 5 seconds. After reaching the
steady state level a statistical analysis was done comparing control and knockout. The normally
distributed data show a highly significant difference in a T-test (p<0.001).
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Figure 35: Quantitative analysis shows increased synaptic depression in DmCalD MARCM knockout
positive aCC and RP2 motoneurons. Intracellular recordings of larval crawling muscles innervated by MARCM
knockout affected motoneurons with a 5 Hz stimulus protocol. Normalized to the first one, relative amplitude (%)
of evoked postsynaptic potentials (EPSPSs) is plotted against time in seconds. Results of knockout motoneurons
are demonstrated in blue (n=10) and the respective control in black (n=10). Immediately with the second EPSP
MARCM cells show a much steeper decrease in amplitudes than the respective controls. After 2 seconds controls
already remain at around 88 % whereas knockout cells stay stable at around 77 % after 4 seconds of stimulation.
Statistical analysis with a T-test yields that the relative amplitudes of control and knockout terminals are highly
significant different to each other after reaching the steady-state (7 s) (p<0.001).

3.5 FM1-43 measured endocytosis

The effect of increased depression in DmCalD RNAIi knockdown and MARCM knockdown
affected motoneurons can be explained by two different scenarios. First, SV recycling could be
impaired. Clearance of release sites after exocytosis is essential to dock and prime new
transmitter filled SVs. Reduced SV retrieval would block those release sites and fewer vesicles
would be able to be released upon the next membrane depolarization, leading to synaptic
depression. Second, less synaptic facilitation would lead to a reduction in postsynaptic
responses to repetitive stimulation. Directly after a conditioning stimulus inducing exocytosis,
the local Ca?* concentration at active zones is increased. These Ca?* microdomains decay
rapidly in hundreds of milliseconds. Upon a second stimulus shortly after the first, this Ca?*
influx will add up to remaining Ca?*. Thus, more SVs will undergo exocytosis following more
transmitters to be released which is synaptic facilitation (Katz & Miledi 1968; Zucker & Regehr
2002; Hallermann et al. 2010). Less residual Ca?" would then lead to increased synaptic
depression. To distinguish the impact of DmCalD on exocytosis and endocytosis we used the
fluorescent dye FM1-43, which enables direct measuring of endocytosis (Betz et al. 1992, Betz
& Bewick 1992). The styryl dye FM1-43 integrates into lipid bilayer membranes. Built into the



outer presynaptic membrane, the dye is taken up into the presynaptic terminal via endocytosis.
After the removal of non-incorporated dye the rate of SV endocytosis is reflected in the
fluorescence of FM1-43 in the terminal (Figure 36A). Loaded dye can be released again via
exocytosis of SVs. FM1-43 will dissociate from the membrane and will dissolve in the bath
solution (B). To induce FM1-43 uptake, SV release has to be evoked. Release can either be
induced by activation of all neurons with high extracellular potassium solution or by direct
electrical stimulation of the motoneurons under investigation with a suction electrode. The high
potassium concentration changes the resting membrane potential to more positive, causing the
motoneuron to permanently fire action potentials. With a suction electrode the axon of a
motoneuron is sucked up and stimulated extracellularly with a defined frequency (2.4). After
washout of the remaining dye from the bath, loaded terminals can be detected by fluorescent
imaging (Figure 36A). MNG6/7-1b terminals on muscle 6 and 7 of the abdominal segment 3 are
shown as a representative example. To now unload the terminals, exocytosis has to be evoked
again via high potassium solution or extracellular stimulation. Washout removes released FM1-
43 and the remaining fluorescence in the terminals can be detected (Figure 36B). To disable the
function of DmCalD we added 1 pM of the pharmacological blocker lanthanum (La%*) for 5
minutes in a pre-incubation and during evoked exocytosis. Endocytosis and exocytosis were
measured using the following protocol (Figure 36C): First, exocytosis is induced with high K*
solution or extracellular stimulation. After washout with a Ca?* free saline, fluorescence of
loaded terminals is recorded which corresponds to the rate of endocytosis. Exocytosis is induced
again followed by a washout with Ca?* free saline. The rate of exocytosis is then defined by

recording the remaining fluorescence in the terminals.

unloaded

C  high K'/ stimulation O] O]
_— high K'/ stimulation =—————>
+ FM1-43 5min0Ca” loaded O 5min 0 Ca* unloaded

Figure 36: FM1-43 dye uptake into synaptic terminals of larval crawling muscles. Larval body wall muscles
6 and 7 in abdominal segment A3. A Loaded terminals show bright staining of FM1-43. In respective unloaded
terminals in B FM1-43 label is strongly reduced. C Protocol used to load and unload synaptic terminals with FM1-
43.



3.5.1 High potassium induced FM1-43 uptake

To load terminals with the fluorescent dye FM1-43 we used a high potassium solution
containing 90 mM K™ to induce motoneuron firing in control Canton S larvae (Figure 37).
Exocytosis of SVs is followed by membrane retrieval by which the dye is incorporated into
recycled vesicles. Figure 37A shows loaded terminals of muscles 6 and 7 in the abdominal
segment 3. After a second incubation with 90 mM K* previously loaded vesicles were released
again in an activity dependent manner. Remaining fluorescence of the dye in the terminals was
recorded (B). Most of the dye was released, but terminals are still visible, meaning that the same
amount of loaded dye molecules was not released again but remained in the terminal. To disable
DmCalD we added 1 uM La®*" and imaged the loading (C) and the unloading process of FM1-
43 (D) in motoneuron terminals again. Loaded terminals in A and C show similar fluorescent

signal likewise unloaded terminals in B and D.
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Figure 37: Saturated loading of synaptic terminals on larval body wall muscle 6 and 7 with 4uM FM1-43. A
and C show loaded terminals, B and D the respective unloaded terminals after dye release. A and B represent the
control dye uptake and release in 90 mM K* saline. Terminals are loaded under blocking conditions with added 1
UM La** in C and D. Both terminals in A and C are brightly labeled with FM1-43. Unloaded terminals in B and
D show strongly reduced FM1-43 staining.

Quantification of 9 control terminals and 7 treated with La®* is shown in Figure 38. Upon

motoneuron firing fluorescent intensity in synaptic terminals was similar after loading in 90



mM K* in controls (median=24.02) and after pharmacological blockade with La3*
(median=24.84). Fluorescent intensities showed no significant difference in comparison of
controls and in addition of La®*" (p=0.512) in a Mann-Whitney U test (MWU). This indicated
no differences in synaptic vesicle recycling. Similarly, La®" had no effect on unloading of
previously loaded terminals. Mean grey values of controls (median=5.07) and with La®*
(median=3.69) show no significant difference (p=0.528). This indicates that pharmacological
blockade had no effect on release as evoked by high extracellular K*.
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Figure 38: Addition of La®* shows no statistical difference in FM1-43 uptake and release in 90 mM K*
solution. Controls are shown in blue box plots, incubation with La®* is shown in green box plots. Between control
dye uptake (median=24.02, n=9) and uptake under blocking conditions (median=24.84, n=7) there is no
statistically significant difference in a Mann-Whitney U test (p=0.512). Also, no statistically significant difference
(p=0.528, MWU) exists between control dye release (median=5.07, n=9) and release in addition of La%
(median=3.69, n=7).

Incubation with 90 mM K* induces a massive uncontrolled activation of all neurons in the
nervous system. This led to immense dye uptake into the terminal reaching saturation of SVs
in the recycling pool. To reduce dye uptake into synaptic terminals we next used a milder
potassium concentration of 20 mM K™ (Figure 39). Less [K™] results in less activation of
neurons. Less motoneuron firing causes less vesicles to be released and following to be
recycled. Less dye is loaded into the terminal, hence the fluorescence signal is weaker. Loaded

terminals of a control are shown in A. Individual boutons with much less dye fluorescence



intensity than in Figure 37 can be identified. During a second incubation with 20 mM K* the
dye was released again from previously loaded terminals. No fluorescent signal in terminals
can be detected after dye release, loaded FM1-43 was completely released again (B). If we now
add 1 uM La*', identification of individual boutons is not possible anymore, merely the outlines
of whole terminal branches can be recognized (C). In addition of La®" the recycling rate of
synaptic vesicles is reduced. Previously loaded terminals are not visible anymore after release
induced by the second incubation with 20 mM K* and La®*" (D). The incorporated dye was

completely released.
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Figure 39: Non-saturated loading of synaptic terminals on larval body wall muscle 6 and 7 with 4uM FM1-
43. A and C show loaded terminals, B and D the respective unloaded terminals after dye release. A and B represent
the control dye uptake and release in 20 mM K* saline. Terminals are loaded under blocking conditions with added
1 uM La* in C and D. Terminals in A are mildly loaded with dye. In C only outlines of the terminal branches are
barely visible. Unloaded terminals in B and D show nearly no FM1-43 staining.

In Figure 40, 10 control terminals and 13 treated with La®* are quantified. Upon motoneuron
firing induced with a milder potassium concentration of 20 mM K™ less vesicles undergo
exocytosis following endocytosis. After loading in 20 mM K*, dye intensities in synaptic
terminals in controls (median 6.68) are highly significantly different to each other (p<0.001) in
a Mann-Whitney U test after a pharmacological blockade with La** (median 2.30). During a

stimulation of all neurons with 20 mM K* no saturation of SVs with FM1-43 is reached.



Addition of La®*" leads to a weaker fluorescent signal than in controls, which corresponds to a
reduction in SV retrieval. By contrast, La** had no effect on release of previously incorporated
dye. Fluorescence signals of controls (median 0.64) and in addition of La®*" (median 0.47) show
no significant difference (p=1, MWU). The release of FM1-43 induced by 20 mM K is not

affected in addition of the pharmacological blocker La®*.
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Figure 40: Addition of La®* shows a highly significant difference in FM1-43 uptake in 20 mM K* solution.
Release remains unaffected. Statistical analysis of FM1-43 uptake and release in 20 mM K* solution. Controls
are shown in blue box plots (n=10), incubation with La%* is shown in green box plots (n=13). Between control dye
uptake (median=6.68) and uptake under blocking conditions (median=2.3) there is a statistically highly significant
difference (p<0.001) in a Mann-Whitney U test. No statistically significant difference (p=1, MWU) exists between
control dye release (median=0.64) and release in addition of La®*" (median=0.47).

3.5.2 Stimulation with 5 Hz

Stimulation with high K* solutions initiates an uncontrolled activation of all neurons. Therefore,
we used extracellular repetitive stimulation with a suction electrode to directly stimulate single
motoneurons with a defined frequency of 5 Hz for 5 minutes. With this stimulation we also
reproduced the depression protocol in muscle recordings (2.4). During 5 Hz stimulation for 5
minutes with a concentration of 4uM FM1-43 we reached saturation of dye uptake again like
with 90 mM K™. To reduce the amount of incorporated dye we reduced FM1-43 concentration
from 4 uM to 1 uM. Quantification of 14 controls and 13 animals under blocking condition is
shown in Figure 41. Fluorescent signals of dye uptake in controls (median 4.00) and in addition

of La®* (median 1.38) are highly significantly different to each other (p=0.002) in a Mann-



Whitney U test. During extracellular stimulation with a defined frequency of 5 Hz for 5 minutes
and a FM1-43 concentration of 1 pM, dye uptake is significantly reduced in addition of the
pharmacological blocker La®*. To initiate release of previously labeled SVs we used 60 mM
K*. This is not comparable with the 5 Hz stimulation protocol, hence we cannot make a

statement regarding exocytosis.
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Figure 41: Addition of La®* shows a highly significant difference in FM1-43 uptake during a 5 Hz stimulation
for 5 minutes. Statistical analysis of FM1-43 uptake during extracellular stimulation with 5 Hz. Controls are
shown in blue box plots (n=14), incubation with La3* is shown in green box plots (n=13). Control dye uptake
(median=4.0) is highly significantly different (p=0.002) to the uptake under blocking conditions (median=1.38) in
a Mann-Whitney U test.

3.5.3 Crawling bursts

With the styryl dye FM1-43 we have shown that fewer SVs are recycled during repetitive
stimulation and in 20 mM K* in addition of the pharmacological blocker La®". Whether this
effect would also show up during normal behavior is still not clear. Therefore, we aimed to use
a protocol representing a stimulation pattern similar to physiological conditions. To assess
motoneuron firing patterns during behavior, we recorded larval motoneurons during crawling-
like locomotor patterns in semi-intact preparations intracellularly with patch pipettes in current
clamp mode (Figure 42A). Single bursts of action potentials are separated with an interburst
interval of 1-2 seconds. Within a burst we analyzed burst duration and intraburst frequency

(Figure 42B). Based on these recordings and published data (Kadas et al. 2015) we created a



stimulation protocol based on actual larval crawling (Figure 42C). The protocol consists of 120

Hz bursts lasting for 0.25 seconds which are separated by a 1 second interburst interval.
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Figure 42: Larval crawling bursting activity. A Representative bout of bursting activity recorded from an RP2
(MN-Is) motoneuron during fictive crawling. B Enlarged individual burst with parameters used for protocol
design. C Burst analysis and test experiments yielded a stimulation protocol of 120 Hz bursts which last for 0.25
seconds and are separated by a 1 second interpulse pause (Kadas et al. 2015).

We started with a crawling-like stimulation for 1 minute which corresponds to 50 bursts (Figure
43). Quantification of 5 controls (mean 17.35) and 5 treated with La*" yields no significant
difference in fluorescent signal (p=0.088) in a T-test. With 50 bursts we reached saturation of
dye uptake again like the ones treated with 90 mM K*. Therefore, we reduced the number of
bursts to 20 to load less dye into boutons. Statistical analysis of 12 controls (mean 14.33) and
11 in addition of La®" (mean 6.68) showed a highly significant difference in fluorescent signal
(p=0.004) in a T-test. If we limited the number of bursts to 5, no synaptic terminals could be
recognized in addition of La*. Consequently, no mean grey measurement could be performed
which is reflected by the mean grey value of 0. Analysis yields that the fluorescent signals of
17 controls (mean 6.05) and 17 treated with La®" are highly significantly different to each other
in mean grey values (p<0.001) in a T-test.

During high activity stimulation protocols like 90 mM K™, 5 Hz with 4 uM FM1-43, and 50
bursts, synaptic vesicles of the recycling pool are saturated with the dye. Likely every SV will
be loaded with FM1-43, some might even have underwent release and recycling a second time.
Therefore, to recognize impairments in endocytosis in addition of the pharmacological blocker
La®", dye uptake during stimulation has to be reduced in order to prevent saturation.
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Figure 43: Addition of La%* shows a highly significant difference in FM1-43 uptake during crawling like
stimulation of 5 and 20 bursts. Saturated boutons loaded with FM1-43 during 50 bursts show no significant
difference in dye uptake in addition of La®". Statistical analysis of FM1-43 uptake during extracellular
stimulation with crawling bursts. Controls are shown in blue bars, incubation with La®* is shown in green bars. A
stimulation with 50 bursts results in no significant difference (p=0.088) in dye uptake between controls
(mean=17.35, n=5) and samples treated with La®* (mean=11.35, n=5). Reduction of the number of bursts to 20
reveals a statistically significant difference (p=0.004) between control dye uptake (mean=14.33, n=12) and uptake
in addition of La®* (mean=6.68, n=11). The highest significant difference between control dye uptake (mean=6.05,
n=17) and uptake in blocking conditions (mean=0, n=17) is exhibited during stimulation with 5 crawling-like
bursts (p<0.001). T-Test was used for analysis in all three comparisons.

3.6 Pre- and postsynaptic Ca?* Imaging with GCaMP3

We could show that addition of the pharmacological blocker La®* reduces synaptic vesicle
recycling at larval motoneuron terminals. To demonstrate that presynaptic Ca?* influx through
DmCalD channels mediates enhanced recycling we imaged Ca?* influx directly with the
genetically encoded Ca?* indicator GCaMP3. GCaMP3 is coupled to synaptic vesicles via an
ectopically expressed rat-synaptophysin (Pech et al. 2015). Upon stimulation we expect
presynaptic Ca?* influx through DmCalA channels, mediating exocytosis, and through
DmCalD channels, enhancing recycling, which will both be detected by GCaMP3. To separate
Ca?* influx through DmCalD channels we added the pharmacological blocker of DmCalD,
lanthanum. We stimulated the nerve projecting onto muscle 6 and 7 of the abdominal segments
A2 or A3 with a suction electrode (2.4). All experiments were carried out in 10 uM glutamate
to prevent muscle movement. Glutamate will bind to the postsynaptic glutamate receptor
(GIuR) leading to ongoing postsynaptic Ca?* influx. The postsynaptic membrane will be
permanently depolarized leading to sustained maximum contraction of larval crawling muscles.
Stimulation of 5 action potentials (APs) was followed by 10 action potentials after a pause of

10 seconds. The number of action potentials was doubled to 20 action potentials again after a



10 second pause. An intraburst frequency of 120 Hz, similar to a larval crawling pattern, was
used. The protocol was performed with normal saline and with 1 uM La*" in normal saline.
Peak AF/F are shown in Figure 44. In control terminals (A-C) fluorescence increases with the
increase of action potentials. After incubation with 1 uM La>" this increase in fluorescence is

strongly diminished (D-F).
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Figure 44: Presynaptic Ca?*-influx upon stimulation is reduced in addition of La®. Ca?* imaging at MN
terminals expressing presynaptic GCaMP3. UAS-Syp-GCaMP3 is expressed under control of the motoneuron
driver OK3-71-GAL4. A-C show control Ca?* signal upon stimulation with 5 action potentials (APs) (A), 10 APs
(B) and 20 APs (C). The more action potentials the higher the signal. D-F Recordings from the same terminals
under blocking conditions of 1 uM La*" show Ca?* signal upon stimulation with 5 action potentials (APs) (D), 10
APs (E) and 20 APs (F). There is only a slight change in fluorescence when the number of APs is increased.
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Quantitative analysis of controls (blue bars, n=6) and of La®* application for 3 minutes (green
bars, n=6) is shown in Figure 45. During stimulation with 5 APs, incubation in 3 minutes La**
(mean=0.02) reduced AF/F by 76 % of the control in glutamate saline (mean=0.12). In addition
of La®* (mean=0.06), this reduction is increased to 85 %, relative to controls (mean=0.39)

during stimulation with 10 APs. A stimulation with 20 APs decreased AF/F by 73 % in addition



of La®" for 3 minutes (mean=0.31) in comparison to the control (mean=1.18). The relative
reduction in fluorescence signal in addition of the pharmacological blocker La* during
stimulation with 10 action potentials yields a 10 % higher value. This disparity might be due to
very little data points (Figure 45). Furthermore, standard deviation bars show a broad spread of
values. Therefore, we tested the relative reduction in fluorescence signal in addition of La®*
upon stimulation with 5, 10, and 20 APs for statistically significant differences (Figure 46). An
analysis of variance (ANOVA) for a single factor shows no significant difference (p=0.191) in
the relative reduction of AF/F upon stimulation with 5 APs, 10 APs, and 20 APs after 3 minutes
incubation in La%*. If the SV bound construct Syp-GCaMP3 exclusively recognizes Ca?* influx
at the presynaptic membrane this would mean DmCalD channels would mediate around 80 %
of this influx. This is not in accordance with former studies, which showed that synaptic
transmission is mediated by presynaptic Ca?* influx through DmCalA channels and DmCalA
null mutant embryos are incapable of facilitating fast synaptic transmission (Kawasaki et al.
2000; McLeod 2006; Hou et al. 2008). A possible explanation is that SVs are located throughout
the whole terminal in the different SV pools. Upon stimulation, overall elevations in Ca?*
concentration within the terminal will be recognized by the vesicle bound Syp-GCaMP3.
Consequently, this construct is not suitable to measure exclusively Ca?* influx at the presynaptic
membrane (Pech et al. 2015).
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Figure 45: Presynaptic Ca?*-influx after 3 minutes incubation with La%* is strongly reduced. Lanthanum
dependent changes of AF/F in terminals expressing Syp-GCaMP3 after 3 minutes incubation. Expression of UAS-
Syp-GCaMP3 is controlled by the motoneuron driver OK3-71-GAL4. 6 terminals of muscle 6 and 7 were
stimulated with 5 action potentials (APs), 10 APs and 20 APs. To prevent muscle movement 10 mM Glutamate
was added. Blue bars represent control recordings. AF/F after 3 min incubation with La%* is shown in green bars.

o n.s.
100, ' !

80-

60-

40-

relative reduction

20+

5APs 10 APs 20 APs
® 3 min La” (n=6)

Figure 46: Relative reductions of the fluorescent signal in addition of La®* during stimulation with 5 APs, 10
APs, and 20 APs are not statistically different. In addition of La®* the fluorescence signal upon an extracellular
stimulation of 5 APs, 10 APs, and 20 APs is strongly reduced to 76%, 85 %, and 73 % (n=6). An analysis of
variance (ANOVA) for a single factor yields no significant difference between the three values (p=0.191).



A direct proof to show that DmCalD channels take part in endocytosis but not in exocytosis is
still missing. If DmCalD plays no part in exocytosis, synaptic transmission has to be unchanged
in addition of the pharmacological blocker La®*. Synaptic transmission can be measured by
recording evoked postsynaptic potentials (EPSPs). Postsynaptic responses are generated by
postsynaptic DmCalD channels. Therefore, addition of La®** would eliminate EPSPs. A
possible way to measure synaptic transmission independently of postsynaptic DmCalD
channels is to directly image postsynaptic Ca?* influx through glutamate receptors (GIuRs). A
postsynaptic GCaMP3 which localizes to the subsynaptic reticulum seems to exclusively
recognize postsynaptic Ca?* influx through GluRs (Guerrero et al. 2005; Peled & Isacoff 2011,
2014). During stimulation with 1 action potential (AP) every 10 seconds synaptic transmission
should not be disturbed by adding the DmCa1D blocker La**, if DmCalD does not contribute
to exocytosis. At a frequency of 0.1 Hz no synaptic depression occurs, hence Ca?* signals of
single stimuli within a recording should be similar (Wu et al. 2005). Figure 47 shows images
of basic fluorescence (Fo) and fluorescence upon 1 AP (F) on muscles 6 and 7. Control samples
(A+B) show increased fluorescence upon stimulation (B). After an incubation time of 3 minutes
with 1 uM La3* there is only a slight increase in fluorescence upon stimulation (D). This

indicates that DmCalD channels contribute to exocytosis.
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Figure 47: Addition of La®* reduces postsynaptic Ca?*-influx through GIluRs upon stimulation. Ca?* imaging
at the postsynapse of larval NMJs on muscle 6 and 7. MHC-CD8-Synap-GCaMP3-Sh expresses in larval crawling
muscles and localizes closely to postsynaptic glutamate receptors. A+B show control Ca?* signal before (Fo) and
upon stimulation (F) of one action potential. C+D Recording from the same terminals under blocking conditions
of 3 min incubation with 1 uM La** show only a slight increase in Ca?* signal before (Fo) and upon stimulation
(F) of one action potential.

Quantitative analysis of 5 controls in normal saline (blue bar) and 5 in addition of 3 minutes in
1 uM La®** (green bar) are shown in Figure 48. Controls yield an increase in fluorescence signal
of 46 % (AF/F=0.46) upon one action potential. After incubation with La**, this increase adds
up to only 15 % (AF/F=0.15) which is a reduction of 78 % compared to controls. This indicates

that DmCalD channels mediate to 78 % of Ca?* influx needed for exocytosis.
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Figure 48: Postsynaptic Ca?*-influx through GIuRs is strongly reduced in addition of La®*. Lanthanum
induced reduction in AF/F of the postsynaptically expressed MHC-CD8-Synap-GCaMP3-Sh. Motoneurons
projecting onto muscles 6 and 7 were stimulated with one action potential every 10 seconds. Blue bar shows control
recordings in normal saline (n=5). AF/F after 3 min incubation with La®* is represented by the green bar (n=5).
Relative fluorescence shows a reduction of 78 % in comparison to control values.

A reduction of 78 % of postsynaptic calcium influx upon DmCalD blockade could be caused
by two things: If DmCalD channels contributed to synaptic vesicle release, more postsynaptic
glutamate receptors would be activated in the presence of presynaptic Ca?* influx through
DmCalA and DmCalD channels than compared to presynaptic Ca?* influx through DmCalA
channels only, when DmCalD channels are blocked by La®*. If this was the case, these data
would indicate a clear contribution of DmCalD channels to synaptic vesicle exocytosis. In fact,
the contribution of DmCalD channels (78 %) would be even higher than that of DmCalA
channels. Several lines of evidence make this possibility highly unlikely. First, my own results
show that action potential induced exocytosis, measured with imaging of the styryl dye FM1-
43 (3.6), is not affected by a blockade of DmCalD channels (Figure 40). Second, published
data clearly demonstrate that DmCalA channels are essential and sufficient for fast synaptic
transmission (Kawasaki et al. 2000; MacLeod et al. 2006; Hou et al. 2008). And third, a
conditional genetic knockdown of DmCalA channels causes complete paralysis (Kawasaki et
al. 2000; Rieckhof et al. 2003; Gu et al. 2009), thus further demonstrating that presynaptic Ca?*
influx through DmCalD channels is not sufficient to induce muscle contraction. If DmCalD
channels contributed to 78 % of the postsynaptic glutamate receptor activation during



neuromuscular transmission, muscle contraction should at least be possible. Therefore, the
reduction of postsynaptic muscle Ca?* response to motoneuron firing is highly unlikely a sole
consequence of decreased synaptic function. Alternatively, it is possible that the
postsynaptically localized GCaMP3 construct, MHC-CD8-SynapGCaMP3-Sh, may also
recognize Ca?* influx through DmCalD channels localized in the larval muscles of Drosophila
(Ren et a. 1998). To test this we stimulated muscle 6 intracellularly with a sharp glass electrode
to prevent Ca?* influx through GIuRs. Consequently, we will only initiate Ca?* influx through
postsynaptic DmCalD channels. We analyzed 3 recordings from 3 different animals expressing
the postsynaptic GCaMP3 construct (Figure 49). Controls yield an increase in fluorescence of
46 % (AF/F=0.46) upon extracellular stimulation of one action potential (blue bar, n=5). During
intracellular stimulation of 1 action potential (light blue bar, n=3) we still get an increase in
fluorescence of 12 % (AF/F=0.12) which is a reduction of 79 % compared to controls.
Consequently, the postsynaptically localized construct MHC-CD8-SynapGCaMP3-Sh is not
specific for Ca?* influx exclusively through postsynaptic glutamate receptors (GIuRs), but also

recognizes Ca?* influx through postsynaptic DmCalD channels.
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Figure 49: The postsynaptic GCaMP3 construct recognizes Ca?* influx through GluRs and through
DmCalD channels. AF/F of the postsynaptically expressed MHC-CD8-Synap-GCaMP3-Sh during intracellular
stimulation of muscle 6. To test if the SynapGCaMP3 construct also recognizes Ca?* influx through postsynaptic
DmCalD channels we stimulated muscle 6 directly with an intracellular electrode. Stimulation was done with one
action potential every 10 seconds. Blue bar shows AF/F during extracellular stimulation with a suction electrode
(n=5). Intracellular stimulation (light blue bar, n=3) yields a change in fluorescence of 79 % in comparison of
extracellular stimulation.



4 Discussion

| hypothesized that DmCalD channels localize to the periactive zone of synaptic terminals of
Drosophila larval NMJs to facilitate synaptic vesicle endocytosis. Accordingly, | predicted the
subsynaptic location of DmCalD not at the active zone within motoneuron terminals, but to the
surrounding area called the periactive zone. To test this, | used a specific antibody against the
DmCalD channel together with antibodies against proteins localized to different areas within
the presynaptic membrane. This prediction of DmCalD channel localization to the periactive
zone is supported by three results: First, DmCalD channels do not co-localize with Bruchpilot
and DmCalA channels at active zones. Second, it localizes closely to the periactive zone protein
Fasciclin 1l (Marie et al. 2004). And third, DmCalD channels show partial overlap with the
periactive zone protein Endophilin, which is part of the endocytic machinery (Schmidt et al.
1999). Based on these neuroanatomical findings, | predicted that loss of DmCalD function
causes increased synaptic depression. This was tested by recording evoked postsynaptic
potentials (EPSPs) in controls and following DmCalD RNAI knockdown as well as MARCM
knockout specifically in a subset of motoneurons. Indeed, the data demonstrate that loss of
DmCalD function increased synaptic depression at motoneuron terminals. However, these
results can either be explained by reduced activity dependent SV endocytosis, or alternatively,
by a combination of vesicle depletion and reduced synaptic facilitation during repetitive
stimulation. It could be possible that residual Ca?*, which entered the cell through DmCalD
channels, mediates synaptic facilitation, which in turn partially compensates for depression
caused by vesicle depletion (Zucker & Regehr 2002). Therefore, rigorous testing of my
hypothesis required direct measurements of presynaptic vesicle recycling in controls and after
blockade of DmCalD channels. I conducted imaging experiments with the styryl dye FM1-43
which integrates into lipid bilayer membranes. Upon endocytosis, FM1-43 is incorporated into
synaptic vesicles. The fluorescence signal corresponds to the rate of SV retrieval. During high
potassium induced motoneuron firing and extracellular repetitive stimulation of axon terminals,
loss of DmCalD channels reduced SV endocytosis. These data are in agreement with a direct
role of DmCalD channels augmenting synaptic vesicle recycling, but not with a potential role
in SV release. An important question is, whether the contribution of DmCalD channels to
synaptic vesicle endocytosis is relevant for neuromuscular function during behavior. Therefore,
we measured motoneuron firing patterns during locomotion in semi-intact preparations and
designed stimulation protocols to test the function of DmCalD in the context of behaviorally
relevant motoneuron activity patterns. This indeed demonstrated that loss of DmCalD channels

reduces synaptic vesicle recycling at motoneuron terminals during crawling-like firing



stimulation protocols. To further support the idea that presynaptic DmCalD channels
exclusively support Ca?* dependent synaptic vesicle recycling, | conducted two series of
experiments: First, | demonstrated activity dependent Ca?* influx through DmCalD channels
into the presynaptic terminal by combining Ca®* imaging with pharmacological blockade of
DmCalD channels. This demonstrated that the used GCaMP3-construct, which binds to the SV
membrane, recognizes Ca?* elevations in the whole terminal and not Ca?* influx exclusively at
the presynaptic membrane. Finally, | looked for additional evidence that DmCalD does not
support exocytosis. A direct proof that loss of DmCalD function does not contribute to synaptic
vesicle release at all requires a strict isolation of postsynaptic glutamate receptor (GIuR)
activation upon presynaptic vesicle release with and without DmCalD function. This can be
achieved by two-electrode voltage clamp recordings. By holding the muscle membrane
potential at -80 mV, which is below the activation potential of DmCalD channels, GIuR
activation is isolated (Guerrero et al. 2005; Peled & Isacoff 2011, 2014). This experiment was
beyond the time frame of this thesis. Below | will outline and discuss my findings point by

point.

4.1 Localization and function of DmCalD channels in different compartments of
larval motoneurons

In Drosophila larval motoneurons aCC and RP2 the DmCalD L-type current could be
measured in somatodendritic regions using patch clamp (Worrell & Levine 2008).
Identification of DmCalD as the main somatodendritic L-type current was concluded from a
significant reduction of L-type current following DmCalD RNAi knockdown. However, this
provides only indirect evidence for the presence of DmCalD channels in motoneurons,
especially because RNAI knockdown throughout development bears the potential danger of
indirect developmental defects on the composition of ionic currents of mature neurons. For
example, in adult flight motoneurons, genetic loss of DmaG function causes a loss of
somatodendritic DmCalA currents (Ryglewski et al., 2012). Therefore, direct proof for the
presence of DmCalD channels in motoneurons is required. With a specific antibody against the
DmCalD calcium channel (3.1) we were able to directly show its localization in larval
motoneurons (MNS) for the first time. The channel localizes to all compartments of these MNs:
soma, axon, dendrites and terminals. The role of DmCalD in axons may be the activation of
Ca?" dependent K* channels. A collaboration with Dr. Kadas in the Duch lab has shown that

this BK current causes a fast hyperpolarization, which in turn augments fast Na* channel de-



inactivation, thus increasing maximum motoneuron firing rates during locomotion (Kadas et al.
2015). Based on this, | have demonstrated that action potential conduction along larval
motoneuron axons indeed causes axonal Ca?* influx through DmCalD channels. Additional
collaborative data (not shown in this thesis, Kadas, Ryglewski, Worrell & Duch, in preparation)
indicate that this axonal Ca?" influx indeed activated BK channels to facilitate motoneuron
firing rates, and thus, maximum muscle contraction forces during locomotion. A similar
function for Ca?* activated K* channels in maximizing neuronal firing rates has been shown in
hippocampal CAlpyramidal cells (Gu et al. 2007) and cerebellar purkinje neurons (Womack &
Khodakhah 2002), but so far not in motoneurons. Therefore, this study provides functional data

for axonal L-type Ca?* channels in motoneurons for the first time.

| also present immunocytochemical evidence for a dendritic localization of DmCalD channels
in motoneurons. In dendrites, DmCalD vyields a clustered pattern similar to L-type channels in
spinal MNs (Heckman et al. 2003). DmCalD may amplify postsynaptic input by increasing the
duration of the synaptic drive potential during crawling burst activity (Kadas et al. in
preparation). This also increases motoneuron firing responses to a given synaptic input.
Therefore, axonal and dendritic DmCalD channels increase motoneuron firing rates by
different mechanisms, which act cooperatively. The dendritic function was previously well
described in spinal motoneurons, which indicates highly conserved roles of dendritic L-type
Ca?* channels in excitability control of motoneurons (Heckmann et al. 2003). By contrast, the
axonal function has not been described in vertebrates. | speculate that this is a unique

specialization of unmyelinated invertebrate motoneurons.

High motoneuron firing rates cause large numbers of SVs to be released. This in turn requires
high rates of SV recycling to maintain reliable neuromuscular transmission during ongoing
motoneuron firing. In immunocytochemistry experiments with the synaptic vesicle (SV) protein
Synaptotagmin we could show localization of DmCalD to the presynaptic membrane (Figure
21). Therefore, the central aim of my work was to test whether DmCalD channels augment SV
recycling in a Ca?* dependent manner during sustained motoneuron activity. This would mean
that DmCalD channels have three mechanistically different functions in three different
compartments of larval motoneurons which all cooperate to ensure maximum muscle force

generation.



4.1.1 Immunocytochemical evidence that DmCalD channels, localized to motoneuron
synaptic terminals, are not required for synaptic vesicle release at active zones

| first analyzed the subsynaptic localization of DmCalD at the neuromuscular junction (NMJ).
The presynaptic membrane is divided into active zones (AZ), which are the sites for SV
exocytosis, and the active zones surrounding periactive zone (PZ). We used proteins of both
zones to reveal DmCalD localization. At mammalian central synapses and at the frog NMJ
VGCCs and the Ca?* sensor at SVs are tightly coupled with a distance of 10-20 nm to enable
efficient, fast and precise synaptic transmission (Harlow et al. 2011; Bucurenciu et al. 2008;
Eggermann et al. 2011). The active zone consists of highly specialized proteins: RIM (Graf et
al. 2012; Mller et al. 2012), RIM-binding protein (Liu et al. 2011), Unc13 (Aravamudan et al.
1999), Liprin-a (Kaufmann et al. 2002; Fouquet et al. 2009), Syd-1 (Owald et al. 2010); Fife
(Bruckner et al. 2012) and Bruchpilot (Kittel et al. 2006a; Wagh et al. 2006). The ELKS family
member Bruchpilot forms T-bar structures at active zones and it couples VGCCs and SVs to
enable fast synaptic transmission (Kittel et al. 2006a, Fouquet et al. 2009; Liu et al. 2011;
Matkovich et al. 2013). With super-resolution light microscopy it is shown that AZs consist of
single units each containing around 137 Bruchpilot molecules (Ehmann et al. 2014). Within
these units voltage-gated DmCalA channels are clustered (Liu et al. 2011; Maglione & Sgirist
2013). Fast synaptic transmission is possible exclusively at these highly organized structures.
Consequently, to directly contribute to synaptic transmission DmCalD channels have to

localize in very close proximity to those units.

We used the T-bar forming CAZ protein Bruchpilot to identify AZs. Bruchpilot is the most
commonly used active zone marker in Drosophila. A GFP-tagged splice variant of the VGCC
DmCalA, cacl-eGFP, served as second active zone marker (Kawasaki et al. 2002). Stainings
with a-Bruchpilot (nc82) and a-DmCalD (Figure 22) reveal no overlap but an alternating
pattern at synaptic boutons. The same can be seen in stainings of a-DmCalD with the GFP-
tagged DmCalA construct cacl-eGFP (Figure 23). In order to contribute to SV exocytosis
DmCalD channels have to co-localize with Bruchpilot proteins and DmCalA channels at AZs.
Only at AZs the essential tight coupling of VGCCs and SVs is given (Sudhof 2012). After the
peak in calcium influx is reached upon activity, release of transmitter starts after 200 ps. During
these 200 ps, Ca®" will diffuse around 50 nm away from channel pores, whereby AZs,
containing multiple release units, are around 300 nm in diameter (Llinas 1977; Fogelson &
Zucker 1985; Ehmann et al. 2014). Therefore, the distance between DmCalD channels and AZs

is too large for DmCalD channels to contribute to exocytosis.



4.1.2 DmCalD channels localize close to the endocytic machinery at the periactive zone of
synaptic terminals

The periactive zone (PZ) at synaptic terminals is defined as the area surrounding active zones
(Lahey et al. 1994; Schuster et al. 1996; Thomas et al. 1997; Beumer et al. 1999; Sone et al.
2000). Lacking presence at active zones we assumed DmCalD localization at the PZ of MN
terminals. Because this area occupies a large part of a bouton we had to determine DmCalD
localization within the PZ. For this we used two different proteins which are known to localize
at different places at the PZ. Endophilin is part of the endocytic machinery and localizes closely
to Dynamin and Dap160 (Micheva et al. 1997; Schmidt et al. 1999; Ringstad et al. 1999; Marie
et al. 2004; Dickman et al. 2005). The cell adhesion molecule Fascicilin Il (Fas II) is also
localized to the PZ. It partially overlaps with proteins needed for endocytosis, but is mainly
localized to a distinct area (Roos & Kelly 1998, 1999; Marie et al. 2004). It could be shown
that DmCalD channels localize to the periactive zone marked by Fas Il (Figure 25) and
Endophilin (Figure 27), thereby, showing partial overlap with both proteins. Endophilin
staining was present throughout the whole presynaptic membrane only omitting AZs (Figure
26). This contradicts former studies, which claim that Endophilin localizes to the endocytic
machinery at specific sites within the periactive zone (Roos & Kelly 1999; Schmidt et al. 1999;
Marie et al. 2004). DmCalD localization to the periactive zone shows that two different VGCCs
exist at larval motoneuron terminals: DmCalA channels at AZs and DmCalD channels at the
PZ. Localized to two different compartments, both channels likely mediate two different

functions.

4.2 Reduction or loss of DmCalD leads to increased depression at the NMJ

Previous studies at the Drosophila larval NMJ showed that at least three different VGCCs
mediate Ca?* influx at the presynaptic membrane (Kawasaki et al. 2000; Kuromi et al. 2004;
Hou et al. 2008; Kuromi et al. 2010). The DmCalA channel is known to localize at AZs
mediating Ca?* influx needed for fast synaptic transmission (Kawasaki et al. 2000, 2002, 2004;
McLeod 2006; Hou et al. 2008; Liu et al. 2008). There is strong evidence for the existence of a
La3*-sensitive VGCC facilitating vesicle recycling (Kuromi et al. 2004; Hou et al. 2008;
Kuromi et al. 2010). Contribution of Ca?* influx to SV recycling could be shown in synapses
of vertebrates and invertebrates (Heuser & Reese 1973; Gad et al. 1998; Guatimosim et al.
1998; Klingauf et al. 1998; Marks & McMahon 1998; Cousin & Robinson 1998, 2000; Neale
et al. 1999; Sankaranarayanan and Ryan 2001; Kuromi et al. 2004; Zefirov et al. 2006;



Yamashita et al. 2010). A study at the Drosophila NMJ in 2009 attributed this Ca?" influx to a
Ca?* hemi-channel named Flower. Localized to the SV membrane, two hemi-channels form a
functional channel upon vesicle fusion with the presynaptic membrane (Yao et al. 2009). This
protein was not subject of further investigations. | suggest that Ca?* influx, contributing to
endocytosis of SVs, is mediated by the VGCC DmCalD. Endocytosis of SVs mainly takes
place at the periactive zone of synaptic terminals involving the endocytic proteins dynamin and
clathrin (Miller & Heuser 1984; Murthy & De Camilli 2003; Granseth et al. 2006; Ferguson et
al. 2007; Smith et al. 2008; Dittman et al. 2009). Due to DmCalD localization at the periactive
zone of terminals | postulated the hypothesis that this VGCC facilitates Ca?* influx, which
regulates synaptic vesicle (SV) endocytosis. Reduction of this retrieval would impair release
site clearance (Neher 2010; Haucke et al. 2011). As result, fewer SVs are able to be docked,
primed and released. The readily releasable pool of SVs is depleted, which is called synaptic
depression (Del Castillo & Katz 1954; Zucker 1989). In order to measure the effect of DmCalD
on synaptic depression we used two genetic tools to achieve a DmCalD knockdown (RNAI)
and knockout (MARCM). During repetitive stimulation with a frequency of 5 Hz, reduction
(Figure 32) and loss of DmCalD (Figure 34) increased synaptic depression at terminals of larval
motoneurons aCC and RP2. Increased synaptic depression can be explained on the one hand by
impairment of activity dependent retrieval of SVs. On the other hand, reduced residual Ca?*
concentrations, leading to reduced synaptic facilitation during repetitive stimulation, can reduce
SV exocytosis. In order to distinguish between DmCalD contributing to synaptic facilitation

or SV endocytosis, release and retrieval of SVs has to be regarded separately.

4.3 Loss of DmCalD reduces the rate of endocytosis but not exocytosis

Separate measuring of exocytosis and endocytosis was conducted with the styryl dye FM1-43.
Motoneuron firing was induced with high potassium solution or with repetitive extracellular
stimulation. Stimulations, which caused immense synaptic transmission, followed by immense
SV retrieval, led to dye saturation of synaptic vesicles. Loss of DmCalD seemed to have no
effect on endocytosis (Figure 38). At several synapses it could be shown that exocytosis and
endocytosis are directly coupled by large scaffolding proteins (Shupliakov et al. 1997; Gad et
al. 1998; Gundelfinger et al. 2003; Murthy & De Camilli 2003; Dittman et al. 2009; Haucke et
al. 2011). To enable fast synaptic transmission SVs have to be released with precise timing,
which is given at AZ release sites. Membrane integrity preservation requires release site

clearance and membrane retrieval after exocytosis. Furthermore, SV proteins have to be sorted



and retrieved after fusion of SVs with the presynaptic membrane. A large and complex set of
structural and functional proteins accomplish these tasks (Gundelfinger et al. 2003). Ca* seems
to be dispensible for endocytosis but rather acts as an activity dependent regulator, thereby
enhancing SV retrieval. To highlight the regulative role of Ca?* influx in endocytosis the
amount of dye loaded into terminals had to be reduced. Under these conditions, loss of
DmCalD significantly decreased the rate of endocytosis without affecting exocytosis (Figure
40). This is in agreement with the supportive role of DmCalD in endocytosis but not with

DmCalD contribution to exocytosis.

4.3.1 DmCalD-enhanced endocytosis is relevant for neuromuscular function during
behavior

To test the role of DmCalD in endocytosis during behavior, we designed stimulation protocols
similar to motoneuron firing patterns measured during locomotion. During larval crawling
locomotion, motoneurons fire repetitive bursts corresponding to each stride. As mentioned
above, exocytosis and endocytosis are automatic coupled by large scaffolding proteins. Because
endocytosis takes places even in a Ca?*-free environment (Ramaswami et al. 1994; Ryan et al.
1996; Deak et al. 2004), Ca**-influx seems to regulate enhancement of endocytosis in an
activity dependent manner. Three different endocytic mechanisms are known: Kiss and run,
ultrafast endocytosis and clathrin-mediated endocytosis (Kononenko et al. 2013; Zhou et al.
2014). Only the latter seems to be responsive to increased Ca®* levels, below concentrations
needed for release initiation (Ferguson et al. 2007). Depending on stimulation intensity, all three
retrieval processes can occur (Gundelfinger et al. 2003). SVs retrieved via faster mechanisms
like kiss and run or ultrafast endocytosis will be recycled and released again faster than via the
slow clathrin-mediated endocytosis (Klingauf et al. 1998; Pyle et al. 2000; Sara et al. 2002).
During 5 minutes of high activity, many vesicles will undergo release and retrieval multiple
times. It is possible that all SVs of the recycling pool, passing release, retrieval and again
release, are loaded with dye. Consequently, a supportive effect of Ca?* in enhancing SV
endocytosis will be masked when dye saturation of SVs is reached. Wildtype larvae accomplish
50 to 60 strides per minute at maximum during crawling on agarose plates (Saraswati et al.
2004; Fox et al. 2006). Loss of DmCalD showed no effect on endocytosis during a maximum
crawling speed stimulation protocol (Figure 43). However, in their natural environment,

surrounded by food, crawling speed is reduced. And indeed, during lower crawling speed



stimulation protocols, loss of DmCalD significantly reduces SV endocytosis. DmCalD seems

to play a regulatory role in endocytosis during behaviorally relevant motoneuron firing patterns.

4.4 Activity dependent Ca?* influx through DmCalD channels into the presynaptic
terminal

Evidence for a regulatory role of DmCalD in endocytosis but no contribution to exocytosis has
been already provided above. To show activity dependent presynaptic Ca?* influx through
DmCalD channels, Ca?* imaging combined with pharmacological blockade of DmCalD
channels, was performed. With courtesy of André Fialas lab in Gottingen we received a fly line
containing the construct UAS-SypGCaMP3 (Pech et al. 2015). Expressed in motoneurons,
GCaMP3 localizes to the membrane of SVs. Upon activation, Ca?* influx through DmCalA
channels reaches a concentration of 10-100 uM to enable SV exocytosis (Augustine 2001;
Kawasaki et al. 2000; 2002; 2004; McLeod 2006; Hou et al. 2008). To initiate endocytosis of
SVs the increase in Ca?* concentration is much lower, above 1 pM Ca?* retrieval even breaks
down (von Gersdorff & Matthews 1994; Marks & McMahon 1998; Cousin & Robinson 2000).
Regarding this, imaging of Ca?* influx at the presynaptic membrane would consist of a major
part, mediated by DmCalA channels, and a minor part, mediated by DmCalD channels.
Contradicting to this, our results show that loss of DmCalD reduces activity dependent
presynaptic Ca?* influx about 80 % (Figure 45).

The SypGCaMP3 construct is postulated to recognize presynaptic Ca?* influx (Pech et al.
2015). The ectopically expressed rat-synaptophysin coupled to GCaMP3, localizes to the
membrane of SVs. SVs are present in three different pools: the readily releasable pool, the
recycling pool and the reserve pool (Rizzoli & Betz 2005). Upon activity, SVs of the readily
releasable pool undergo exocytosis and are fused with the presynaptic membrane (Rettig &
Neher 2002). Following endocytosis, SVs enter the recycling pool (Harata et al. 2001). SVs of
the recycling pool are scattered throughout the whole terminal. During sustained intense release,
SVs from the reserve pool are recruited to maintain synaptic transmission (Kuromi & Kidokoro
2000; Ikeda & Bekkers 2009; Kim & Ryan 2010). Consequently, localized to SVs, GCaMP3 is
distributed throughout the whole terminal, in the readily releasable pool, the presynaptic
membrane, the recycling pool and the reserve pool. During high frequency stimulation Ca?*
microdomains occur at active zones mediating exocytosis, which is indicated by increased
GCaMP3 signal and might even be strong enough to saturate the Ca?* indicator (Adler et al.
1991; Llinas et al. 1992; Stanley 1993; Neher 1998; Bucurenciu et al. 2008; Pech et al. 2015).



To recruit SVs for the readily releasable pool an increase in Ca?* concentration in the whole
terminal might be involved (Dittman & Regehr 1998; Stevens & Wesseling 1998; Wang &
Kaczmarek 1998; Neher & Sakaba 2008). Stimulation above 30 Hz promotes recruitment of
SVs from the reserve pool at the Drosophila NMJ, but initiation is not understood (Kuromi &
Kidokoro 2000; Rizzoli & Betz 2005). Regarding the intracellular resting Ca?* concentration at
of ~100 nM and the dynamic range of GCaMP3 from ~100-10,000 nM, an increase in [Ca?*]
in the whole terminal will also be detected by Syp-GCaMP3 (Tian et al. 2009). DmCalD
channels localize to the presynaptic and axon-terminal membrane. Consequently, loss of
DmCalD will reduce Ca?* influx directly at the presynaptic membrane, but also at the whole
membrane of the terminal. The global increase of [Ca*] will be reduced, which will be detected
by every SV in the terminal. With the SV bound Syp-GCaMP3 construct we could show activity
dependent Ca®* influx through DmCalD channels at synaptic terminals. In addition to that it
was not possible to isolate Ca?* influx through DmCalD channels at the presynaptic membrane

only.

4.5 Role of DmCalD in exocytosis

Experiments measuring synaptic depression showed that loss of DmCalD reduced synaptic
transmission (3.5). Whether this is due to impairments in SV endocytosis or exocytosis could
not be separated with this experiment. Participation of DmCalD in exocytosis of synaptic
vesicles was investigated using the postsynaptically localized construct MHC-CD8-Synap-
GCaMP3-Sh (Guerrero et al. 2005; Peled & Isacoff 2011, 2014). They claim that Ca®* influx
mediated by postsynaptic glutamate receptors (GIuRs) will be recognized by this GCaMP3-
construct, whereas Ca?* influx through postsynaptic DmCalD channels will not be recognized.
Therefore, it should be possible to selectively measure GIuR activation, which correlates with
the amount of released transmitter. At a frequency of 0.1 Hz no synaptic depression occurs,
hence, every Ca?* signal upon a single stimulus should be similar (Wu et al. 2005). Upon
stimulation with 1 action potential every 10 seconds, loss of DmCalD caused a reduction of 78
% in GIuR activation (Figure 48). This indicates that DmCalD channels would contribute to
78 % of synaptic transmission, whereas only 22 % are mediated by DmCalA channels. This is
not in agreement with my own results that loss of DmCalD has no effect on exocytosis,
measured with the styryl dye FM1-43, and furthermore it contradicts the following published
data. In DmCalA null mutant embryos it could be shown that DmCalA channels are essential

and sufficient for fast synaptic transmission (Hou et al. 2008). DmCalD channels are not



sufficient to induce muscle contraction, which was shown by a conditional genetic knockdown
of DmCalA channels that causes complete paralysis (Kawasaki et al. 2000; Rieckhof et al.
2003; MacLeod et al. 2006; Gu et al. 2009). A reduction of 78 % in GIuR activation is highly

unlikely caused by reduced synaptic function.

Despite claiming that the construct MHC-CD8-Synap-GCaMP3-Sh would only recognize
postsynaptic Ca?* influx through GluRs, but not DmCalD channels, they used two-electrode
voltage clamp (TEVC) to measure Ca?* signals (Guerreo et al. 2005; Peled & Isacoff 2011,
2014). With this method, synaptic transmission is initiated by extracellular stimulation, while
the muscle potential is clamped to -80 mV. Transmitter release leads to opening of GIuRs
following Ca?* influx and membrane depolarization. Holding the muscle potential at -80 mV
prevents opening of DmCalD VGCCs and hence, Ca?* influx through these channels. To test
if the postsynaptic GCaMP3 construct does recognize Ca?* influx through postsynaptic
DmCalD channels in current clamp mode, we stimulated the muscle with an intracellular
electrode. By directly depolarizing the muscle membrane, synaptic transmission is
circumvented and only DmCalD channels will open to mediate postsynaptic Ca?* influx.
During extracellular stimulation, the Ca?* signal upon 1 AP increases to ~50 %, while
intracellular stimulation yields an increase in fluorescence of already 12 % (Figure 49). With
this experiment we can show that during extracellular stimulation in current clamp mode, the
MHC-CD8-Synap-GCaMP3-Sh construct recognizes postsynaptic Ca?* influx through GluRs
as well as DmCalD channels. To eliminate Ca?* influx through DmCalD channels the method
of two-electrode voltage clamp has to be used to hold the membrane potential below VGCC
opening. This experiment was beyond the time frame of this thesis. With the conducted

experiment we were not able to exclude a role of DmCalD in exocytosis.

4.6 Conclusion

At several synapses it could be shown that Ca?* plays a role in SV endocytosis (Ceccarelli &
Hurlbut 1980; Thomas et al. 1990; Smith & Neher 1997; Gad et al. 1998; Naele et al. 1999;
Kuromi & Kidokoro 2002; Kuromi et al. 2004; Wu et al. 2007; Xu et al. 2008; Hosoi et al.
2009). At the Drosophila NMJ evidence was given that a Ca®* channel mediates Ca®* influx
needed for enhanced SV retrieval at the periactive zone of synaptic terminals (Kuromi et al.
2004; Hou et al. 2008; Kuromi et al. 2010). A proposed complex mechanism by which two SV-
bound hemi-channels form a functional channel upon fusion with the presynaptic membrane

called Flower, was not subject of further studies (Yao et al. 2009). With this study | show



evidence that Ca?* influx contributing to SV endocytosis is facilitated by the VGCC DmCalD
at motoneuron terminals. With a specific antibody against DmCalD, channel localization to
presynaptic terminals could be shown. DmCalD channels are not localized at active zones,
which are specialized regions within the terminal enabling fast and efficient SV release
(Couteaux & Pecot-Dechavassine 1970; Stidhof 2012). But, they are localized at the periactive
zone, which is the area surrounding active zones (Lahey et al. 1994; Schuster et al. 1996;
Thomas et al. 1997; Beumer et al. 1999; Sone et al. 2000). Reduction and loss of DmCalD
channels caused increased synaptic depression. Because this can be explained by impairments
in endocytosis and exocytosis, direct imaging of SV retrieval and release with the styryl dye
Fm1-43 was conducted (Betz & Bewick 1992; Betz et al. 1996). Loss of DmCalD showed a
reduction in endocytosis during behaviorally relevant motoneuron firing patterns, whereas
exocytosis remained unaffected. Ca?* imaging experiments demonstrated, that loss of DmCalD
reduces activity dependent Ca?" influx into synaptic terminals. This could not be shown
exclusively at the presynaptic membrane, but at the whole terminal. Whether Ca?" influx
through DmCalD channels contributes to SV release was tested by measuring postsynaptic
GIuR activation with postsynaptic Ca?* imaging (Guerrero et al. 2005). In current clamp mode
it is not possible to exclusively measure postsynaptic Ca?* influx through GIuR, because
DmCalD VGCCs open upon membrane depolarization and cause additional Ca?* influx.
Isolation of GIuR activation can be achieved by using two-electrode voltage clamp. While the
muscle membrane potential is clamped to -80 mV, DmCalD channels will not open. Ca?* influx
through postsynaptic GluRs, which corresponds to synaptic transmission, can then be measured
via Ca?* imaging or by recording postsynaptic potentials (Guerrero et al. 2005; Peled & Isacoff
2011, 2014). Because of the limited time frame of this thesis I did not conducted these
experiments. However, we have evidence that DmCalD channels do not contribute to SV
release. First, we could show that DmCalD does not localize to active zones of synaptic
terminals. To initiate exocytosis of SVs an immense increase in Ca?* concentration is necessary
(Augustine et al. 2001). Because such Ca?* concentrations are toxic to the cell these elevations
occur only at very small areas (nm) surrounding active zones, called microdomains (Adler et
al. 1991; Heidelberger et al. 1994; Schneggenburger & Neher 2000; Gundelfinger et al. 2003).
To accomplish this, VGCCs and SVs have to be in close proximity to each other, which is only
given at active zones (Meinrenken et al. 2003; Liu et al. 2011; Matkovich et al. 2013; Maglione
& Sigrist 2013). The localization of DmCalD channels to the periactive zone means that they
are too far away from active zones to contribute to the Ca?* microdomains (~tens of nanometers)

(Harlow et al. 2011; Bucurenciu et al. 2008; Eggermann et al. 2011). Second, in measurements



of the endocytosis rate with the amphiphilic dye FM1-43, exocytosis remained intact after
incubation with the pharmacological DmCalD blocker lanthanum. Together, these data give
strong evidence that DmCalD, localized to the periactive zone of synaptic terminals, is the Ca?*
channel, which mediates Ca?* influx needed for enhanced SV endocytosis (Kuromi et al. 2004;
Hou et al. 2008; Kuromi et al. 2010). Because exocytosis and endocytosis are coupled through
large scaffolding proteins, endocytosis takes place even in a Ca?" free environment
(Ramaswami et al. 1994; Ryan et al. 1996; Gundelfinger et al. 2003; Deak et al. 2004; Haucke
et al. 2011). Therefore, DmCalD seems to act as a fine-regulator of enhanced endocytosis in

an activity-dependent manner.
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6 Appendix

6.1 MARCM cross

1. Pretest for the complementary test:

1D X10 1D X7
— s+ X 4=+
CyO—GFP Cyo

)

=>» Proof of the lethality of X7/X10, only Cy flies should come up

2. Pretest for heatshock timing in hsFLP flies:

hsFLP GFP  {FRT40Ary+}tub—Gal80 tub—Gal4 W sna[ScO] {FRT40Ary+} n
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w ’  sna[ScO] {FRT40A ry+} +

F1

=>» In F1 embryos 30 min heatshock when aCC/RP2 is born
3. 1D X10.in ry background:

In(2LR)bw"! = Plum-Balancer = Plum

“1D X10” and “1D X7” are null-mutant alleles of the Drosophila gene Ca-a1D
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+ o snalSeo] {FRTA0ATy ) T TMED sna[ScO] {FRT40Ary+} ' TMéb
Fli . sna[ScO] {FRT40Ary+} ry—

)

+ Ccyo ry—

5. Combination of 1DX10 and FRT-site

CyO = CyO Cy* dp"* cnt prt
1D X10 = b* 1D*%0 prt cn® wx" bw?

CyO Cy1 dplvl cnl pri ry— + sna[ScO] {FRT40A ry+ ry—
1) +; yOCyldp p A AN [ScO] § y+} | ry—

’ b1 1DX10 pr1cnl wxwxt bwl ’ ry— + CyO " ry-

=>» Crossing over in the gametes of the F1 females:

= + b11DX10 prlcnl wxwxtbwl ry— X + SMé6aCy1lallcn2Pdplvlsp2 = ry-
+ ’  sna[ScO] {FRT40Ary+} ’ ry-— +’ vasKG01651 " ry-

Possible Crossing over result:

= +  b11DX10 pr1 {FRT40Ary+} ry— X + _ SMé6aCy1lalicn2Pdplvlsp2 = ry-
)

+ ’ sna[ScO] cn1 wxwxtbw1l ’ ry- + vasKG01651 " ry-

- Cy
- Wildtype eye color (FRT ry+)
- No sna[Sco]




6. Complementary test and increase of potential recombination events:

= many 1DX7-females with one male (single potential recombination event) in one vial

. b11DX7 prl cnl wxwxt bwl
’ Cy0 Cy1 cnl dplvl pr1—GFP

+  b11DX10 prl {FRT40Ary+} 1y—
Y ’ SMeaCy1lalicn2Pdplvlsp2 ' ry—

i+ X

- Pick CyO-GFP larvae and keep till lethality proof

+ b11DX10 pri{FRT40Ary+} Ty— _
F1-—; prif yt) s 220 Siethal? (only Cy offspring)
+ ° b11DX7 prl cnl wxwxt bwl +

b11DX10 pr1 {FRT40Ary+} r1y-—

)

Cylcnldplvl pr1—-GFP +

+
Select for: — ;
+

Gene locations:

sna (ScO) 35D2
Ca-alD 35E5-6
“FRT40A” 40Al

6.2 Effect of La®" on EPSPs




6.2 Effect of lanthanum on EPSPs

10s

0.1 uM La™ V[

Fig..: Change in EPSP amplitude due to application (red line) of
different La’ concentrations. PSPs of larval crawling muscles were
evoked through 0.5 Hz stimulation of the axon with a suction
electrode. Application of 0.1 uM La™ leads to a small reduction in
EPSPamplitude of 5-10%. One third of EPSP amplitude is left when
incubation was done with 0.5 uM La"". EPSPs are eliminated when 1
1M La’ was added.



