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ABSTRACT

AN INVESTIGATION OF SYNAPTIC VESICLE DOCKING AND PRIMING AND A
PROPOSED METHOD FOR QUANTITATIVELY MEASURING BOTH IN DROSOPHILA

USING ELECTRON TOMOGRAPHY

The nervous system, as the body's command center, plays a crucial role in cellular
communication within the brain and between the brain and other body systems. Neurons, the
individual cellular units, transmit electrical information and communicate with other cells
through neurotransmitter release in response to electrical stimuli. Chapter 1 introduces the
foundational concepts of neuronal structure and function and delves into the mechanisms
underlying neurotransmitter release. Special attention is given to the neuromuscular junction
(NMJ), a well-studied chemical synapse crucial for muscle movement. The synaptic vesicle
cycle is introduced, with particular emphasis on docking and priming. The significance of active
zones, specialized sites for efficient signal transmission, and their associated structural
components are underscored. Synaptotagmin, a pivotal protein in calcium-triggered vesicle
fusion, is discussed with emphasis on its C,B polylysine motif. Throughout the chapter, the
utility of Drosophila as a model system for studying synaptic processes, particularly at the NMJ,
is emphasized. In sum, Chapter 1 provides the foundational knowledge essential for
comprehending the intricate cellular and molecular facets of synaptic communication within the

nervous system, serving as a precursor to subsequent chapters' investigations.

Chapter 2 examines synaptotagmin's C,B polylysine motif and its role in synaptic vesicle

docking at the Drosophila NMJ. It explores the polylysine motif’s potential involvement in
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endocytosis, demonstrates an unaffected interaction with AP-2, and uses electron microscopy to
find no significant changes in vesicle distribution. The findings suggest that the reduced
neurotransmitter release in the polylysine mutant is likely due to an impairment in vesicle

priming.

Chapter 3 introduces a method for studying synaptic vesicle docking and priming in
Drosophila, using electron tomography. I address the limitations of conventional electron
microscopy and underscore the need for higher-resolution techniques to assess molecular
structures that mediate physiological processes. Chapter 3 also emphasizes the significance of
the contact area between docked vesicles and the presynaptic membrane as a correlate of vesicle
priming. The protocol, expected results, and key considerations are discussed. The methods

presented in Chapter 3 offer a promising approach for understanding synaptic processes.

In Chapter 4, I discuss key considerations for when standard electron microscopy can be
used for assessing vesicle docking. Then, I discuss how the electron tomography method
presented in Chapter 3 could not only confirm the results found in Chapter 2, that the
synaptotagmin C,B polylysine motif is not implicated in vesicle docking but could also be used
to directly test the mutant’s role in priming. Specific aims for future studies on the
synaptotagmin polylysine mutation in Drosophila are presented, potential results and
interpretations are discussed. Finally, I showcase interesting, unpublished findings from electron

tomograms I have taken at the Drosophila NMJ and discuss their potential significance.

Keywords: synaptic vesicle, docking, priming, electron microscopy, electron tomography,

synaptotagmin, polylysine motif, active zone, ultrastructure, active zone material
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CHAPTER 1: INTRODUCTION

Nervous System Overview

The nervous system is the body’s command center, it is responsible for cellular
communication not just within the brain but also between the brain and the rest of the bodies’
systems. The neuron is the individual cellular unit whose function is to transmit electrical
information and to communicate with other cells by releasing a neurotransmitter in response to
an electrical stimulus. Neuronal function is supported by a canonical cellular structure
comprising a cell body, dendrites, an axon, and axon terminals. The neuronal cell body is the
metabolic center of the neuron and contains the typical organelles (e.g., nucleus, mitochondria,
etc.). The cell body and dendrites together comprise the main input region of the neuron that
receive electrical or chemical signals from other neurons. The axon of a neuron is a long, tail-like
structure that protrudes from the cell body at a location called the axon hillock. Axons are
responsible for the propagation of electrical information from the cell body toward the next cell
in the circuit. Axon terminals are the site at which a neuron transmits electrical or chemical
signals with a nearby cell.

A synapse is a specialized contact site where a neuron communicates with the next cell in
circuit. Of the two predominant types of synapses in the nervous system, electrical and chemical,
my work focuses on chemical synapses. Chemical synapses are comprised of a presynaptic
neuron, a post-synaptic cell and a synaptic cleft or space between the two cells. At a chemical
synapse, neurotransmission utilizes small, diffusible chemicals, called neurotransmitters, that are
packaged into synaptic vesicles to relay signals from the pre- to the post-synaptic cell.

Depolarization of the presynaptic axon terminal of a neuron opens voltage-gated Ca** channels



causing an influx of Ca?*. This increase in Ca™ triggers synaptic vesicles to fuse with the
presynaptic membrane at specialized sites called active zones (Couteaux & Pecot-Dechavassine,
1970; Dreyer et al., 1973; Siidhof, 2012). Vesicle fusion releases the neurotransmitter into the
synaptic cleft where it binds to receptors on the post-synaptic cell. Transmitter binding to the
receptors results in an electrical signal in the postsynaptic cell, thus propagating intercellular
communication.
Neuromuscular Junction

The neuromuscular junction (NMJ) is a well characterized, easily accessible chemical
synapse between the nerve and the muscle. Without this specialized synapse, nerves and muscles
would fail to communicate with the speed and efficiency required for movement. During this fast
and efficient communication, the muscle is activated by a Ca?*-dependent release of
neurotransmitters from nerve terminals. In most NMJs, acetylcholine (ACh) is the primary
neurotransmitter. However, Drosophila NMIJs utilize the neurotransmitter glutamate. The
neuromuscular junction is a fail-safe synapse. Its stability and reliability ensure the continuation
of neurotransmission. This is especially remarkable given that only 2-5% of docked synaptic
vesicles fuse given a stimulus. Due to their fail-safe nature and ease of accessibility, the NMJ is
has been studied extensively in several species, including frogs and Drosophila, using light-
microscopy, electron microscopy and electrophysiology (Slater, 2015; Atwood and Karaunanithi,
2002). The NMJ is therefore one of the (if not the) most highly characterized synapses in the
nervous system.
The Synaptic Vesicle Cycle Overview

Following vesicle fusion, the vesicle membrane and associated proteins must be retrieved

to refill the synaptic vesicle pool. This cycle is diagramed in Figure 1-1. Synaptic vesicles are



actively loaded with neurotransmitters (Fig. 1-1a) and trafficked to the presynaptic membrane
where they are docked, or held in contact with the presynaptic membrane, at active zones by
specific molecular interactions (Figs. 1-1b—d) (Sudhof, 2004; Szule and Coorssen, 2003, Bennet
et al., 1992). The synaptic vesicles are held in contact with the presynaptic membrane by the
Soluble NSF-Attachment protein REceptor complex, commonly referred to as the SNARE
complex (Zhang et al., 2022; Sutton et al., 1999). The SNARE complex comprises a vesicle-
associated SNARE protein (VSNARE) and target-membrane associated SNARE proteins
(tSNARESs) (Schiavo et al., 1997; Sauvola and Littleton, 2021). At the synapse, the vSNARE is
synaptobrevin while the tSNAREs are SNAP-25 and syntaxin (Schiavo et al., 1997; Szule and
Coorssen, 2003). When the synaptic vesicle is trafficked to the presynaptic membrane,
synaptobrevin winds together with SNAP-25 and syntaxin on the target membrane to form a
coiled-coil structure (Sutton et al., 1998; Karmaker et al., 2019). The extent of contact between a
docked vesicle and the presynaptic membrane is postulated to be mediated by the force generated
by the SNARE complex (Jung et al., 2016; Szule and Coorssen, 2003; Szule et el., 2003; Zhou et
al., 2015; Zhou et al., 2017). The forces generated by the SNARE complex will be elaborated
upon later in this chapter. A vesicle is considered to be fusion-competent or maximally-primed
(Fig. 1-1d) when its area of contact with the presynaptic membrane is largest (Jung et al., 2016).
At the active zone, voltage-gated calcium channels open upon depolarization allowing an influx
of calcium along its electrochemical gradient into the nerve terminal (Atlas, 2022; Chapman,
2018; Sudhof, 2013) (Fig. 1-1e). The calcium then binds to the synaptic vesicle protein,
synaptotagmin, which triggers the fusion of maximally primed vesicles with the presynaptic
membrane (Fig. 1-1f) (Brose et al., 1992; Bommert et al., 1993; Geppert et al., 1994; Desai et al.,

2000; Mackler et al., 2002), releasing their neurotransmitter contents into the synaptic cleft.



Following fusion, the vesicle membrane merges with the presynaptic membrane (Fig. 1-1g),
before clathrin mediated endocytosis retrieves the vesicle membrane and associated proteins
back into the presynaptic terminal (Fig. 1-1h) (Heuser and Reese, 1973; Jorgensen et al., 1995;
von Poser et al., 2000; Haucke at el., 2000; Sudhof, 2004; Littleton, 2006). Newly endocytosed
vesicles are then either directly reloaded with neurotransmitter (Fig. 1-1a) or trafficked to
endosomes for recycling (Fig. 1-1i) (Barker et al., 1972; Ceccarelli et al., 1973; Heuser and
Reese, 1973; Koenig and Ikeda, 1996; Pyle et al., 2000; Richards et al., 2000; Sudhof, 2004),
thus completing the synaptic vesicle cycle. It is important to note that deficits anywhere in the
synaptic vesicle cycle could result in synaptic dysfunction. As this dissertation investigates
specific interactions postulated to mediate synaptic vesicle docking, priming, and recycling,

these steps are described in more detail below.

Figure 1-1. lllustration of the Synaptic Vesicle Cycle

Each highly-orchestrated step is represented by a letter: vesicles are loaded with
neurotransmitter (a), then trafficked to the presynaptic membrane where they
dock (b—d) and undergo a reversible process of synaptic vesicle priming (c) with
some vesicles minimally-primed (b) and some maximally-primed (d). Then, when
Ca**influx via voltage-gated Ca?* channels (VGCC) occurs (e), maximally-
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primed vesicles then fuse with the presynaptic membrane (f). After fusion, the

vesicular membrane collapses (g) into the plasma membrane, is then endocytosed

(h) and either refilled (a) or trafficked to endosomes (i). Figure adapted, with

permission, from Bowers, 2020.
Synaptic Vesicle Docking and Priming

Formation of the SNARE complex is required for synaptic vesicle docking and priming.
Vesicle trafficking to the presynaptic membrane, brings vSNARESs and tSNAREs close enough
to form an energetically favorable coiled-coil structures that pull the vesicle closer and closer to
the presynaptic membrane as the SNARESs zipper together (Abdulreda et al., 2009; Bai et al.,
2004; Maximov et al., 2009; Sauvola and Littleton, 2021). The steps following the assembly of
the SNARE complex, particularly vesicular docking and priming, are currently debated in the
field.

In recent literature, the definition of synaptic vesicle docking varies. Some authors define
a docked vesicle as any vesicle that is tethered to the presynaptic membrane by an electron-dense
filament (Chang et al., 2018; Neher and Brose, 2018; Fernandez-Busnadiego et al., 2013;
Sudhof, 2013, Slater, 2015). In contrast others define a docked vesicle as any vesicle whose
membrane is in contact with the presynaptic membrane (Tan et al., 2022; Jung et al., 2016; Szule
et al., 2012; Hammarlund et al., 2007; Slater, 2015). This distinction primarily differs between
imaging techniques and is usually defined within articles. For the purposes of this dissertation,
docked vesicles will generally be considered to be those whose membrane is in physical contact
with the presynaptic membrane. However, close attention should be paid to Chapter 2, wherein
the definition of docking differs slightly based on limitations in the microscopic techniques used.

Synaptic vesicle priming is typically defined as the point at which a vesicle becomes

“fusion competent” or is most likely to fuse upon a calcium influx (Szule and Coorssen, 2003;

Sudhof, 2004). However, the morphological nature of vesicular priming is unclear. Some



researchers hypothesize that priming is a stepwise process where irreversible molecular
interactions form to stabilize the SNARE complex and further reduce the energy threshold for
fusion (Sudhof, 2013; Imig et al., 2014). Using this logic, only those vesicles that have
undergone tightly-regulated priming steps would fuse upon calcium influx. On the other hand,
recent work conducted in the McMahan lab suggests that synaptic vesicle priming is a dynamic
equilibrium, or reversible process, between force-generating interactions among the fusion
machinery and repulsive forces between molecular components (Jung et al., 2016; Lin et al.,
2022). Under the McMahan lab’s “variable priming hypothesis”, the priming state of any given
docked vesicle can vary; and only vesicles with the highest area of contact between the vesicle
and plasma membrane are considered to be in a “maximally-primed” state that can fuse upon a
calcium influx. Bernard Katz had originally described a similar hypothesis in which “synaptic
vesicles undergo frequent transient collisions with the axon membrane” during his Nobel Lecture
in 1970. However, the notion was mostly abandoned by the field for a two-step docking-priming
hypothesis (Sudhof, 2004; Slater, 2015). I will expand on the variable priming hypothesis later in
this chapter, after I address ultrastructural analysis. In Chapter 3 of this dissertation, I present
methods to assess vesicle docking and priming in Drosophila using the electron tomography
techniques established by the McMahan lab in frog (Ress et al., 1999; Ress et al., 2004; Jung et
al., 2016; Jung and Szule, 2017). Additionally, the methods I present in Chapter 3 could be used
to directly test the function of a putative priming mutant of synaptotagmin, which I present later
in this chapter and again in Chapter 2.
Synaptic Vesicle Endocytosis

Following exocytosis, synaptic vesicles are recycled through endocytosis, or the retrieval

of vesicle membranes and their associated proteins into the synaptic terminal. This process of



continuous recycling of synaptic vesicles is essential for sustained neurotransmission (Hueser
and Reese, 1973; Koenig and Ikeda, 1989; Gan and Watanabe, 2018). Endocytosis was first
identified in the early 1970s (Barker et al., 1972; Ceccarelli et al., 1973, Heuser and Reese, 1973)
and has been studied extensively using electron microscopy biochemistry and electrophysiology,
in multiple model organisms (Sudhof, 2004; Littleton, 2006; Watanabe and Boucrot, 2017; Gan
and Watanabe, 2018). To date, multiple modes of endocytosis have been identified: clathrin-
mediated endocytosis, fast compensatory endocytosis, activity-dependent bulk endocytosis,
ultrafast endocytosis, and kiss-and-run (Sudhof, 2004; Slater, 2015; Gan and Watanabe, 2018).
However, clathrin-mediated endocytosis is thought to be the predominant mechanism of synaptic
vesicle recycling. For that reason, I will only discuss clathrin-mediated endocytosis here.

During clathrin-mediated endocytosis, clathrin and its accessory proteins coat the
membrane forming a vesicular invagination; dynamin then pinches off the neck of the
invagination to cleave the newly-formed vesicle. In synapses, this process is highly regulated to
ensure vesicles are specific in nature and contain all the lipids and proteins required for
neurotransmission. For example, the clathrin adaptor protein, AP-2, has been proposed to
retrieve synaptotagmin 1 during synaptic vesicle endocytosis (Zhang et al., 1994; Mizutani et al.,
1997; Haucke et al., 2000; Jarousse et al., 2001). Synaptotagmin 1’s role in endocytosis, through
its interaction with AP-2, is elaborated upon later in this chapter, and assessed using standard
electron microscopy in Chapter 2.

Active Zones

The term “active zone” was first coined in 1970 when scientists Couteaux and Pécot-

Dechavassine identified a small, specialized portion of the presynaptic membrane, where

electron-dense material could be seen directly adjacent to omega profiles of fusing synaptic



vesicles, captured by fixing frog neuromuscular junctions during stimulation (Couteaux and
Pécot-Dechavassine, 1970). At typical synapses, the docking, priming, and fusion steps of the
synaptic vesicle cycle occur at these specialized, active zone regions along the presynaptic
membrane. Accordingly, the proteins required for the docking, priming and fusion steps of the
synaptic vesicle cycle are highly concentrated at the active zone (Walter et al., 2018; Cano and
Tabares, 2016; Sigrist and Schmitz, 2011). Further, the active zone region, within presynaptic
terminals, precisely opposes post-synaptic specializations that permit post-synaptic cells to
respond to the released neurotransmitter (Landis et al., 1988; Gundelfinger et al., 2000; Zhai and
Bellen, 2004). The area surrounding the active zone is called the peri-active zone and is the
location of synaptic vesicle endocytosis (Heuser and Reese, 1973; Cano and Tabares, 2016;
Ackermann et al., 2015; Sudhof, 2012; Brodin and Shupliakov, 2006).

Although active zone structure varies depending on the organism and synapse type (see
Active Zone Material below), active zones can almost universally be identified by their three
distinct features: 1. the aggregation of electron dense material at the presynaptic membrane; 2. a
tight cluster of synaptic vesicles; and 3. the presence of intramembranous particles.

The localization of intramembranous particles is a key attribute of active zones because
they are generally believed to include the voltage-gated calcium channels which mediate
calcium-triggered neurotransmitter release. Immunolabeling of voltage-gated calcium channels,
at the NMJ of frogs and Drosophila, demonstrates that at least some of the intramembranous
particles are voltage-gated calcium channels (Feeney et al., 1998; Fouquet et al., 2009). Notably,
the proximity of voltage-gated calcium channels to synaptic vesicles that are closely associated
with the presynaptic membrane: 1. explains the spatial-temporal efficacy of neurotransmission at

the neuromuscular junction; and 2. could be used to identify the subpopulation of vesicles which



are fusion competent. For instance, at the Drosophila NMJ, intramembranous particles are
present underneath the electron-dense T-bar where voltage-gated calcium channels have been
localized by immunolabeling (Bruckner et al., 2017). If the intramembranous particles are in fact
voltage-gated calcium channels, the docked synaptic vesicles located at the pedestal of the T-
Bar, closest to the calcium-channels, are likely a part the primed vesicle population.

Active Zone Material

The electron-dense material localized at active zones, in association with docked synaptic
vesicles, has been called “Active Zone Material” (AZM, Harlow et al., 1998; Ress et al., 2004,
Nagwaney et al., 2009; Szule, 2021). It has also been referred to as presynaptic density or
cytomatrix assembled at the active zone (CAZ, Gundelfinger and Dieck, 2000; Sigrist and
Schmitz, 2011; Bruckner et al., 2012). Herein, the preferred term will be AZM.

The shape of the AZM varies depending on the organism and synapse type and can
present as: (a) disc-like structures, as in the central synapses of vertebrates and the NMJ of C.
elegans; (b) elongated structures resembling railroad ties as in the NMJ of frogs; (c) ribbon-like
structures, as in some sensory neurons of vertebrates; and (d) specialized T-bar structures, as in
the NMJ of Drosophila (Atwood and Karaunanithi, 2002; Hammarlund et al., 2007; Slater, 2015;
Bruckner et al., 2015; Szule, 2022). For the purposes of this dissertation, the focus will primarily
be on the elongated active zones in frog and the specialized T-bar active zones in Drosophila
NMIs.

Despite the differences in AZM size and shape, presynaptic proteins that mediate
docking, priming and fusion are highly conserved. However, experiments to identify protein
components within the AZM have been limited to localization using antibodies, functional

assessments based on genetic mutations, and protein-protein interactions (reviewed by Rizo and



Rosenmund, 2008; Sudhof and Rizo, 2011; Rizo and Sudhof, 2012; Sudhof, 2014; Rizo and Xu,
2015; Szule, 2021). The AZM comprises multiple classes of proteins required for protein
scaffolding, vesicle trafficking, and coupling signal detection with vesicle fusion (see chapter 4).
Ultrastructural Analysis

Since physical interactions among presynaptic proteins are required for neurotransmitter
release, determining the distribution of these proteins, and localizing specific protein-protein
appositions within the AZM is required to test functional hypotheses regarding the molecular
mechanisms of vesicle fusion. Due to the small size of the functional complexes (e.g., SNARE
complexes are only ~12 nm in length, Sutton et al., 1998; Ernst and Brunger, 2003; Grushin et
al., 2019) and the AZM structures connecting docked synaptic vesicles to the presynaptic
membrane (e.g., pins are only ~13 nm in length, Jung et al., 2016), the resolution of standard
electron microscopy (several 10’s of nanometers in the z plane) is not sufficient to visualize the
functionally significant structures. It is only with the relatively recent application of electron
tomography that the ultrastructural organization of the macromolecular complexes within the
AZM are beginning to be elucidated. Electron tomography involves taking many high-resolution
micrographs, at varying degrees of tilt, of a single region-of-interest, within a single thin plastic
section. The resulting tilt-series is then aligned, combined by averaging back-projections, and
then reconstructed into a 3D virtual volume. In a 3D reconstructed volume, a given “virtual
slice” within the volume can be between 2-3 orders of magnitude thinner than the “real” plastic
section containing the tissue sample. For example, by applying electron tomography to 70 nm
thin sections of a frog NMJ, the McMahan lab was able to obtain 3D reconstructions made up of
“virtual” slices which were each only 0.5 nm thin. By doing so, they were able to obtain a spatial

resolution of 2-3 nm within each reconstruction (Ress et al., 2004; Szule et al., 2015). This
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increase in resolution allows for a much more detailed analysis of the synaptic ultrastructure than
was ever previously possible. In Chapter 3 of this dissertation, I present methods of electron
tomography at Drosophila NMls, as established by the McMahan lab in frog. Within Chapter 3,
I address the method’s significance and potential implications. Below, the history and a current
overview of AZM ultrastructural analysis using electron tomography will be presented.

The ultrastructural characterization of macromolecular complexes using electron
tomography was initiated at the frog NMJ by the McMahan lab in 1998 (Harlow et al., 1998). By
2001, the McMahan lab was able to describe the architecture of the active zone within 15 nm
from the presynaptic membrane at the frog’s NMJ (Harlow et al., 2001). Within their
tomograms, they characterize an active zone defined by two docked synaptic vesicles with AZM,
protruding from the presynaptic membrane, between the docked vesicles. Harlow et al., 2001
further described the arrangement of the AZM which includes (a) A “beam” which runs along
the presynaptic membrane between the two parallel rows of docked vesicles; (b) “ribs” which
run parallel to, but separated from the presynaptic membrane, and connect the “beam” to vesicles
on each side; and (c) “pegs” that connect “ribs” to macromolecules within the presynaptic
membrane. Lastly, Harlow et al., 2001 describe their extended hypothesis which highlights that
structural components of the AZM likely correspond to proteins such as calcium channels
(“pegs”), SNAREs, syntaxin, and synaptotagmin (“ribs” and “’beams”). Their hypothesis that
synaptic macromolecules comprise the beams, ribs, and pegs should be testable by combining
their electron tomography methods with well-established procedures for localizing specific
proteins. However, frogs are not amenable to genetic tagging, and immuno-tags introduce too
much distance between the structure and the tag, so protein identification has not been possible.

In 1999 and then 2004, the McMahan lab published methods on automatic acquisition
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and alignment of tilt images for electron microscopy and methods for generating high-resolution
electron tomographic datasets, respectively (Ress et al., 1999; Ress et al., 2004). Using their
established methods, the McMahan lab characterized the ultrastructure of the AZM, within 15
nm of the presynaptic membrane, at the mouse neuromuscular junction (Nagwaney et al., 2009).
They found that although active zones at the mouse NMJ are much smaller than frog, there are
similar structural components including beams, ribs and pegs which are localized adjacent to
docked synaptic vesicles (Nagwaney et al., 2009). Although mice are a genetic model, further
investigation to identify protein components of the AZM structures, in conjunction with electron
tomography, has not been completed.

Since 2004, the McMahan lab has greatly expanded on their 3D renderings of frog NMIJs,
showing the structure of the AZM at 2 nm spatial resolution (see Fig. 1-2A). The structural
characterization of the frog’s AZM was expanded to include all discernable electron-dense
material. Additional structures such as a “step”, “spar”, “mast”, “boom”, and “topmast” were
identified as distinguishable, repeating structures that comprise the AZM [(See Fig. 1-2A,Szule
et al., 2012) Note: lacking any information on the molecular constituents of each structure, they
were assigned nautical names due to their association with “docked” vesicles]. Notably, they
counted the occurrence of these structures within the AZM, and in relation to the vesicle face,
and measured the average length and diameter of each structure. Further, Szule et al., 2012,
identified the AZM structures at activated active zones and found that they were connected to
omega figures, figures which are consistent with a vesicle fixed during fusion. This finding is
vitally important to the hypothesis that the AZM is comprised of the synaptic proteins involved

in vesicle exocytosis such as SNAREs, syntaxin, calcium channels and synaptotagmin.
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Figure 1-2. Schematic 3D Reconstructions of the AZM at the Frog NMJ and
Drosophila NMJ by Electron Tomography

(A.) Frog: vesicles (blue spheres) and AZM (yellow, brown, white, green, red,

and purple structures). (B.) Drosophila: vesicles (gray and gold spheres) are

shown surrounding a convoluted AZM (light blue). Adapted from Szule et al.,

2012 and Bruckner et al., 2017, respectively.

Many views of synaptic vesicles by standard electron microscopy and electron
tomography rarely show electron-dense material within the vesicle lumen. By staining in
acetone with freeze-substitution, Harlow et al., 2013, discovered intra-luminal densities within
synaptic vesicles with a distinct, asymmetric, stereotyped appearance of macromolecular
assemblies. Additionally, the stereotyped assembly of macromolecules assigns a polarity to the
vesicles which revealed a systematic orientation of vesicles during trafficking, docking, priming
and exocytosis (Harlow et al.,2013).

Unlike in the frog, synaptic electron tomography in other model organisms is not as
advanced. As aforementioned, the ultrastructural analysis in mouse has defined similar
macromolecular complexes within 15 nm of the presynaptic membrane using electron
tomography. Conversely, electron tomography at the NMJ of C. elegans and Drosophila remains
in its infancy. An extremely limited number of studies have accomplished high-resolution (<1

nm/pixel) electron tomography at the NMJ of C. elegans or Drosophila. For example, Stigloher

et al., 2011 has examined the active zone material at the NMJ of C. elegans using electron

13



tomography. Their tomography revealed the AZM as a central dense projection within the active
zone that connected to synaptic vesicles up to 100nm away from the presynaptic membrane
(Stigloher et al., 2011). Although they were able to reconstruct high resolution tomograms, they
were only able to achieve a spatial resolution of 4-5 nm: almost half the level of spatial
resolution achieved in frog (2-3 nm, Ress et al., 2004; Szule et al., 2012; Harlow et al., 2013;
Jung et al., 2016).

In Drosophila, Bruckner et al., 2017, have used electron tomography of NMJ active zone
in 250 nm plastic sections. They were able to achieve virtual slices of 0.7 nm, however they did
not comment on their spatial resolution, nor did they achieve sufficient resolution to render a
clear 3D reconstruction of the active zone and its macromolecular structures (see comparison of
Fig. 1-2B to Fig. 1-2A). They were able to segment, or outline the shape of, the AZM and
surrounding synaptic vesicles in three-dimensions. However, the AZM segmentations present as
an amorphous blob, with no discernable structural components (see Fig. 1-2B, Bruckner et al.,
2017). As tomography in Drosophila is not yet as advanced as in frog, the organization of
macromolecules comprising the AZM remains unknown. In Chapter 3, I present a method of
electron tomography developed specifically to prepare Drosophila synapses for electron
tomography with the 2-3 nm spatial resolution necessary to assess morphological relationships at
the neuromuscular junction.
Morphological Docking and Priming

As aforementioned, the definition of docking varies depending on imaging techniques as
well as the definition assigned by the lab in each study (Jung et al., 2016; Hammarlund et al.,
2007; Reist et al., 1998; Stigloher et al., 2011; Kusick et al., 2023; Szule, 2022, Slater, 2015).

Using standard electron microscopy, docked synaptic vesicles have been primarily defined as
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those with little to no discernable gap between the vesicle and presynaptic membrane. Further,
some studies define docked vesicles as only those which are in direct contact with the AZM and
have no discernable gap between the vesicle and the presynaptic membrane. The definition of
vesicle docking likely varies so much due to the resolution limitations of standard electron
microcopy, varying thickness of plastic sections, and ultrastructure at a given AZ. I discuss key
considerations, when using standard electron microscopy, to assess vesicle docking more in
detail in Chapter 4.

More recently, the use of high-resolution electron tomography has provided an arguably
more reliable assessment, and therefore a more consistent definition, of docked synaptic vesicles.
This has been accomplished due to the high (down to as little as 2-3 nm) spatial resolution which
allows for the characterization of structures within a sub-volume of tissue. In 2016, Jung et al.,
used a novel assessment of vesicle docking by measuring and comparing 1. the vesicle’s
membrane thickness (VM) away from the area of contact with the presynaptic membrane; 2. the
presynaptic membrane’s thickness (PM) away from the area of contact; and 3. the combined
membrane thickness of the VM and PM (VM-PM) at the area of contact. Using these measures,
Jung et al., 2016 were able to confirm whether vesicles in contact with the AZM were in physical
contact with the presynaptic membrane or “docked”. Further, Jung et al., 2016, demonstrate that
only when frog NMIJs are fixed during nerve stimulation, did they find that some docked vesicles
possess a combined VM-PM membrane thickness that was less than the simulated sum of the
VM and PM away from the contact site. In other words, the vesicle and plasma membranes were
in a state of hemifusion at the area of contact. This study not only provided the first quantitative
measure of vesicle docking but also morphological captured membranes in the process of fusing

at the NMJ.
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Using the same methods of electron tomography, Jung et al., 2016 also
established a novel way to morphologically assess vesicle priming by measuring the area
of contact between the vesicle and plasma membrane. When terminals were fixed at rest,
they found that the extent of VM-PM contact area, for docked SVs, exhibits a normal
frequency distribution (330 + 150 nm?). Moreover, when terminals were fixed during
stimulation, there was, (a) A leftward shift in the normal distribution of the VM-PM
contact area (230 + 120 nm?), and (b) a new population of vesicles that exhibited an even
larger contact area (750- 850 nm?) which was not observed at rest. Notably, some
vesicles with a VM-PM contact areas >450 nm?, and all vesicles with a VM-PM contact
areas >650 nm?, exhibited hemifusion as described above (Jung et al., 2016).

Lastly, to analyze whether variation in the extent of contact was attributable to
variable force exerted towards the presynaptic membrane in resting terminals, Jung et al.,
measured the eccentricity of docked and undocked vesicles, and the length of AZM
filaments (ribs, pins, pegs) in relation to their associated docked vesicle. When analyzing
eccentricity, they found that docked vesicles exhibited an increase in eccentricity
compared to that of undocked vesicles, and the long axis of docked vesicles was
preferentially oriented to the AZM and presynaptic membrane, whereas undocked
vesicles did not exhibit any common orientation (Jung et al., 2016). The orientation and
eccentricity of docked vesicles is consistent with the hypothesis that force is being
applied to docked vesicles to pull them toward the presynaptic membrane. In addition,
the orientation and eccentricity of docked vesicles in Jung et al., 2016, supports the
findings of vesicle orientation assessed by intra-luminal structures by Harlow et al. 2013.

After analyzing AZM filament lengths, Jung et al., found that proximal rib and pin
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lengths, and the distance from the rib-VM and pin-VM connection sites to the presynaptic
membrane, all negatively correlated with VM-PM contact area and eccentricity consistent
with the hypothesis that the ribs, pegs and pins are the structures supplying the force to
pull docked vesicles toward the presynaptic membrane (Jung et al., 2016).

Taken together, the work done by the McMahan lab outlines a variable priming
hypothesis that suggests how variable AZM-mediated forces could regulate synaptic vesicle
docking and priming. Under this hypothesis, once a vesicle is docked, or held in contact with the
presynaptic membrane, forces generated by macromolecular components of the AZM (such as
ribs, pegs and pins) impose variable fusion probability on each vesicle. In other words, vesicles
are in a state of dynamic equilibrium and can be minimally-primed, maximally-primed, or
anywhere in between. Maximally-primed vesicles would be those which exhibit a large VM-PM
contact area, are eccentric, oriented towards the AZM and presynaptic membrane and have the
greatest amount of force generated from AZM (assessed by AZM length and distance
correlations). Thus, the McMahan Lab has provided a morphological way to measure variable
priming.

Now, using high resolution electron tomography, a quantitatively confirmed definition of
docking, and new way to think of and measure priming, we can start assessing functional
relationships at the NMJ. In Chapter 3, I combine all these methods, for the first time in
Drosophila, and set the groundwork necessary to test a putative priming mutant, a synaptotagmin
C,B polylysine mutant, which I discuss below and later in Chapter 2.

Synaptotagmin
Synaptotagmin was first identified in 1981 as a 65kDa protein, or p65, localized to

synaptic vesicles in neurons and neuroendocrine cells (Matthew et al. 1981). Shortly after its
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identification, p65 was sequenced and renamed to synaptotagmin. The primary protein sequence
revealed an N-terminal intravesicular domain, a transmembrane domain, and two cytoplasmic C2
domains: C,A and C,B connected by a linker domain (Perin et al., 1990 & Perin et al. 1991). C2
domains are highly-conserved calcium and phospholipid-binding domains found in a variety of
proteins that consist of an eight-stranded beta-sandwich with a calcium-binding pocket and
membrane-binding loops at one end (Sutton et al., 1995, Sutton et al., 1999, Nalefski et al., 1996,
Nalefski et al., 2001).

There are 17 isoforms of synaptotagmin that have been identified. However, most studies
focus on synaptotagmin 1 and 2, because they are the isoforms responsible for triggering fast,
synchronous neurotransmitter release (Wolfes and Dean 2020). Synaptotagmin 1 and 2 are

located on synaptic vesicles and are low-affinity Ca?* sensors with fast membrane disassembly

kinetics (Hui et al., 2005 & Wolfes and Dean, 2020). Ca** binding to both C,A and C,B domains
of synaptotagmin 1/2 is required to trigger fast, synchronous, SNARE-mediated synaptic vesicle
fusion events (Jorgensen et al., 1995; Nonet et al., 1993; Ullrich et al., 1994; Fukuda et al., 1995;
Nalefski and Faulke, 1996; Mackler et al., 2002; Nishiki et al., 2004; Llinas et al., 2004; Shin et
al., 2009). In mammals, synaptotagmin isoform expression varies depending on the location in
the nervous system. Synaptotagmin 1 is predominantly expressed in the cerebral hemispheres.
Whereas synaptotagmin 2 is predominantly expressed in the brainstem and spinal cord (Ullrich
et al., 1994, & Marqueze et al., 1995). In Drosophila, which lacks synaptotagmin 2,
synaptotagmin 1 is responsible for fast, synchronous synaptic vesicle fusion events throughout
the nervous system (DiAntonio et al., 1993; Littleton et al., 1993; Lloyd at al., 2000; Chapman,
2008; Mackler et al., 2002; Yoshihara and Littleton, 2002). For the purposes of this dissertation,

I will focus on the function of synaptotagmin 1 and will refer to synaptotagmin 1 simply as
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synaptotagmin, unless otherwise noted.

Due to synaptotagmin’s localization to synaptic vesicles, and its calcium and
phospholipid binding properties, it was postulated to be involved in vesicle docking and
exocytosis (Perin et al., 1991; Brose et al., 1992; Nalefski et al., 2001). In 1993, the Bellen and
Schwarz labs published the first measurements of evoked synaptic transmission in
synaptotagmin null mutants (DiAntonio et al., 1993; DiAntonio, Burgess et al., 1993; Littleton et
al., 1993). Synaptotagmin null mutants show a dramatic decrease in evoked neurotransmitter
release (90-95%), are exceptionally slow and uncoordinated, and die as first-instar larvae unless
special husbandry is employed to promote their survival (DiAntonio et al., 1993; Littleton et al.,
1993; Loewen et al., 2001; Mackler et al., 2002). Synaptotagmin null mutants also show an
increase in spontaneous vesicle fusion (Littleton et al., 1993; Mackler et al, 2002). These genetic
experiments demonstrate synaptotagmin’s importance in synaptic transmission. The results from
Littleton et al. (1993) and DiAntonio et al. (1993) were the first to reveal that synaptotagmin was
essential for fast, synchronous evoked neurotransmitter release. Since then, synaptotagmin’s role
in calcium-dependent exocytosis has been studied extensively in multiple model organisms
(Yoshihara and Littleton, 2002; Mackler et al., 2002; Fernandez-Chacon et al., 2002; Nishiki and
Augustine 2004; Lui et al., 2009; Shin et al., 2009; Lee et al., 2013; Chapman, 2018). The two
calcium-binding domains, C,A and C,B, of synaptotagmin have been identified as the functional
domains mediating its role as a calcium-sensor. Mutations within either of the C2 domain Ca*
binding motifs results in varying degrees of synaptic impairment ranging from slight decreases in
evoked transmitter release to lethality (Fukuda et al., 1995; Littleton et al., 2001; Mackler et al.,
2002; Bai and Chapman, 2004; Fernandez-Chacon et al., 2002; Shin et al., 2009; Lee et al.,

2013; Bowers and Reist, 2020). Such studies have demonstrated that Ca*-binding by the C2B
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domain and the resulting Ca**-dependent membrane penetration by the C2B domain is the most
critical effector interaction coupling Ca™ binding to vesicle fusion (Littleton et al., 2001; Mackler
et al., 2002; Paddock 11). In addition to its role in synaptic vesicle fusion, synaptotagmin is also
involved in several other steps of the synaptic vesicle cycle, including endocytosis, docking, and
priming.

Synaptotagmin’s role in endocytosis was first postulated due to the depletion of synaptic
vesicles observed in syt™! mutants (Jorgensen et al. 1995; Reist et al., 1998; Littleton et al.,
2001; Loewen, Royer et al., 2006; Liu et al., 2009). Synaptotagmin’s ability to bind the clathrin-
adaptor protein, AP-2, and associated proteins, which are required for clathrin-mediated
endocytosis, also suggested a role in endocytosis (Zhang et al., 1994; Haucke & De Camilli,
1999; Haucke et al., 2000; von Poser et al., 2000; Jarousse et al., 2001; Fergestad and Broadie,
2001). In 2003, Poskanzer et al. tagged the synaptic vesicle protein, synaptobrevin, with a PH-
sensitive green fluorescent protein (synapto-pHluorin) to measure the kinetics of endocytosis
using quantitative live imaging at the NMJ in Drosophila. By stimulating release at the non-
permissive temperature in dynamin mutants (shibire*) which blocks endocytosis, they were able
to trap synaptic vesicle membranes in the plasma membrane (Koenig & Ikeda, 1989). They then
used fluorescein-assisted light inactivation (FIAsH-FALI) after exocytosis to photoinactivate
transgenic sytl tagged with a tetracysteine motif. Upon returning preparations to the permissive
temperature, they showed that endocytosis of synaptic vesicle membranes resumed in controls
but not in preparations where synaptotagmin was photoinactivated. Thus, by combining the
synapto-pHlourin and FIAsH-FALI techniques, Poskanzer et al. were able to experimentally
uncouple the exocytic and endocytic functions of synaptotagmin in vivo. This set of experiments

revealed, for the first time, that synaptotagmin (or a closely associated protein) is necessary for
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compensatory endocytosis. The mechanism by which synaptotagmin is involved in clathrin-
mediated endocytosis of synaptic vesicles has remained unclear, although synaptotagmin’s
documented interactions with AP-2 provide a good candidate for this mechanism.

Synaptotagmin’s role in vesicle docking was first postulated due to its molecular
interactions with SNARE proteins and other membrane bound synaptic proteins (Petrenko et al.,
1991; Bennett et al., 1992; Schiavo et al., 1997; Broadie, 1996). In 1998, Reist et al. used
electron microscopy to demonstrate that syt™! mutants in Drosophila have a decrease in
morphologically docked synaptic vesicles. Their findings support the hypothesis that
synaptotagmin is involved in vesicle docking. However, the molecular mechanism by which
synaptotagmin mediates vesicle docking remained unclear. Synaptotagmin’s interactions with
the SNARE complex, complexins, and PIP2 led to hypotheses that synaptotagmin participated in
the docking and/or priming of vesicles (Z. Wang et al., 2011; Sudhof, 2013; Chang et al. 2018;
Zhou et al., 2017; Bouazza-Arostegui et al., 2022). However, the putative role in vesicle priming
remains the least understood of all its postulated roles.
C.,B Polylysine Motif of Synaptotagmin

The C2 domains of synaptotagmin contain a highly-conserved polylysine motif that
creates a positively-charged region along the side of the eight-stranded beta-sandwich. In the
C,B domain of synaptotagmin 1, two or three lysine residues (located at amino acid positions
379, 380, and 384 in Drosophila or 326, 327 with or without 331 in mammals, see Fig. 2-1
comprise this motif (Fukuda et al., 1995; Jorgensen et al., 1995; Haucke et al., 2000; Mackler
and Reist, 2001; Jarousse et al., 2001; Llinas et al., 2004; Borden et al., 2005; Loewen, Lee et al.,
2006; Chang et al., 2018; ). Research in the Reist lab was the first to show that mutation of these

lysine residues resulted in an ~40% decrease in the evoked junction potential (EJP) compared to
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a WT control at the Drosophila NM1J in vivo (Mackler and Reist, 2001). This result was later
replicated at mammalian hippocampal synapses in vitro (Haucke et al., 2000; Borden et al.,
2005; Chang et al., 2018). Although this was the first synaptotagmin mutation shown to disrupt
efficient synaptic transmission, two decades later, the mechanism disrupted by this mutation is
still unclear.

Early biochemical work indicated that a calcium-independent interaction between the
C,B polylysine motif and the clathrin adapter protein, AP-2, may mediate synaptotagmin’s role
in endocytosis (Chapman et al., 1998; Haucke & De Camilli, 1999; Haucke et al., 2000; Littleton
et al., 2001; Zhang et al., 1994, see however Ubach et al 2001). In 2006, Loewen, Lee et al., use
a polylysine motif mutant in Drosophila to test the role of this motif in endocytosis in vivo. They
found that the polylysine motif mutant was able to rescue the vesicle depletion observed in the
syt™! mutants which is inconsistent with a deficit in endocytosis. As a direct test, they used an
FM1-43 assay (Betz and Bewick, 1992) and found that the rate of endocytosis was unchanged in
the polylysine mutant compared to controls. Thus, the decrease in evoked transmitter release
caused by the C2B polylysine mutation is not due to a disruption of endocytosis (Loewen, Lee et
al., 2006).

To verify that the C2B polylysine motif did not result in a developmental disruption of
postsynaptic function, Loewen, Lee, et al. (2006) used immunostaining of glutamate receptors
(GIuRIII) and active zones (nc82). They found no difference in the area of staining in mutants
compared to controls, indicating that the pre- and post-synaptic regions at the NMJ were intact
(Loewen, Lee, et al., 2006). Additionally, Mackler and Reist (2001) found no differences in the
amplitude of spontaneous fusion events in the polylysine motif mutants. Taken together, these

results indicate that the decrease in EJP amplitude is not due to a deficit in the post-synaptic
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cell’s ability to respond to neurotransmitter release but rather is due to a presynaptic deficit
somewhere in the synaptic vesicle cycle.

Calcium-dependent interactions of the C,B polylysine motif have been postulated to
mediate aspects of vesicle fusion. Specifically, synaptotagmin oligomerization (Chapman 98,
Wu 03); synaptotagmin simultaneously binding two membranes (Arag et al., 2006); and
synaptotagmin binding negatively charged phospholipids (Li et al., 2006) have been proposed to
regulate fusion pore opening, dilation, or stability (Wang et al., 2001, Bai and Chapman, 2004,
Li et al., 2006). To investigate the calcium dependent function for the C2B polylysine motif,
Loewen, Lee, et al. looked at the EJP amplitude in increasing calcium concentrations. They
found that although EJP amplitudes in the polylysine mutant were smaller at all Ca™
concentrations, the Ca**-dependence of release was not different when compared to the control
(no change in Hill coefficient). Since, the calcium cooperativity of release is unchanged in the
polylysine mutant, the decrease in evoked release is most likely due to a deficit in a Ca**-
independent step of the vesicle cycle. Indeed, when Loewen, Lee et al., looked at the rate of
recovery following high frequency stimulation, they found that the polylysine mutants recovered
more slowly than the controls. Since recovery is a Ca*-independent phase of the vesicle cycle,
these findings also indicate that the polylysine motif must function during a calcium-independent
vesicle targeting step, such as docking and/or priming.

The polylysine motif’s calcium-independent interactions with phosphatidylinositol 4,5-
bisphosphate (PIP,) containing membranes, and t-SNAREs, may mediate synaptic vesicle
docking and/or priming (Bai and Chapman, 2004; Li et al., 2006; Wang et al., 2017). However,
the molecular mechanisms mediating synaptotagmin’s role in docking and priming are not well

understood. In Chapter 2 of this dissertation, we reassess the polylysine motif’s interaction with

23



AP-2 by testing this interaction specifically in Drosophila. We found, while C2B does indeed
bind AP-2 in Drosophila, this interaction is not disrupted by the C2B polylysine mutation. This
finding is consistent with the finding that the C2B polylysine motif does not disrupt the rate of
endocytosis (Loewen, Lee et al., 2006). In Chapter 2, I also assess the polylysine motif’s role in
vesicle docking using electron microscopy methods that have previously identified docking
deficits in syt™! Drosophila mutants (Loewen, Royer et al., 2006). In Chapter 3, I propose a
method to measure morphological vesicle priming in Drosophila using high resolution electron
tomography. The methods I propose in Chapter 3 enable the first direct test of a putative priming
mutant and can be used to investigate the polylysine motif’s role in vesicular docking and
priming using the higher resolution of electron tomography.
Drosophila as a Model System

The previous experimentation to characterize the synaptic ultrastructure at the NMJ has
primarily been done in frogs by the McMahan lab. While partial AZM renderings have been
generated at the mouse NMJ (Nagwaney et al., 2009), the entire AZM has not been segmented.
Additionally, there are limitations to using the frog or mouse as model organisms for elucidating
the morphological arrangement molecular components at synapses, which is the ultimate goal of
electron tomographic analyses. Frog is not a genetic model, which limits the ability to tag and
identify individual proteins to understand the relationship between structure and function.
Mouse, though amenable to genetic manipulation, is costly and time-consuming. Drosophila, on
the other hand, provides an ideal, inexpensive, genetic model organism with an exceedingly
rapid life cycle of just 10 days. Further, an extensive amount of research on synaptic
transmission, synaptic proteins, and active zones at the NMJ has been conducted in Drosophila

(Koenig and Ikeda, 1989; Koenig and Ikeda, 1989; DiAntonio et al., 1993; Broadie, 1996; Lloyd
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et al., 2000; Owald and Sigrist 2009; Slater, 2015; Gan and Watanabe, 2018; Sauvola and
Littleton, 2021). Combined, this makes Drosophila an ideal model organism for conducting
synaptic structure and function studies at the NMJ. Yet, electron tomography of the Drosophila
AZM is in its infancy and has yet to be done with sufficient resolution to render a clear 3D
reconstruction of the AZM (for example, Jiao et al., 2010; Leitinger et al., 2012; Zhan et al.,
2016; Bruckner et al., 2017; ). By extending the McMahan lab’s 2-3 nm-resolution tomography
to Drosophila synapses, we will provide a new protocol that will permit the structural
measurements necessary for the first direct test of a molecular motif hypothesized to enhance
vesicle priming. In addition, since Drosophila are amenable to transgenic tagging, segmenting
the AZM connecting docked vesicles, presynaptic membrane, and T-bars at the level of
resolution the McMahan lab has attained in frog, has the potential to open a whole new field of
structural identification of synaptic molecules critical for intercellular communication in the
nervous system.
Chapter Summary

Chapter 1 provides a comprehensive introduction to the nervous system's fundamental
elements, focusing on the structure and function of neurons and the mechanisms underlying
synaptic communication. Neurons, comprising cell bodies, dendrites, axons, and axon terminals,
serve as the primary units for electrical signal propagation. The chapter introduces chemical
synapses, with particular emphasis on neurotransmitter release mechanisms. The neuromuscular
junction (NMJ) is highlighted as a fail-safe, chemical synapse essential in muscle control.
Detailed attention is devoted to the synaptic vesicle cycle, elucidating the sequence of events in
neurotransmitter release and vesicle recycling, with particular emphasis on the docking and

priming steps. The significance of active zones, specialized sites for efficient signal transmission,
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and their associated components are underscored, with a focus on synaptotagmin, a required
protein for calcium-triggered vesicle fusion. Synaptotagmin’s C,B polylysine motif and its role
in vesicle docking and priming are specifically highlighted. Throughout the chapter, the utility of
Drosophila as a model system for studying synaptic processes, particularly at the NMJ, is
emphasized. In sum, Chapter 1 provides the foundational knowledge essential for
comprehending the intricate cellular and molecular facets of synaptic communication, within the
nervous system, serving as a precursor to subsequent chapters' investigations.

Chapter 2 of this dissertation investigates the role of synaptotagmin's C,B polylysine
motif in synaptic vesicle docking at the Drosophila NMIJ. Initially, the chapter explores the
motif's potential involvement in endocytosis by testing its controversial interaction with AP-2.

A pull-down assay from the Reist Lab is presented, indicating that mutating the polylysine motif
to glutamines, which disrupts the synaptic vesicle cycle, does not disrupt AP-2's interaction with
the C,B domain of synaptotagmin. This is consistent with previous finding by Loewen et al.,
2006 which demonstrates that the deficit in evoked transmitter release in the C,B polylysine
mutant is not due to impaired endocytosis. Their work suggests the deficit may instead be related
to vesicle docking and/or priming. Accordingly, electron microscopy is then used in chapter 2 to
assess vesicle docking. My analysis of synaptic vesicle distributions at Drosophila active zones
found no significant changes in the polylysine mutant compared to the wild-type control,
demonstrating the C,B polylysine mutant does not disrupt vesicle docking. To demonstrate that
these measurements would detect a docking deficit if one were present, I conducted a direct
comparison of vesicle docking data in synaptotagmin-null mutants and polylysine motif mutants.
My comparison showed that a docking deficit would have been detected with our standard

electron microscopy techniques if present. These results collectively suggest that the observed
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deficit in evoked neurotransmitter release in the polylysine mutant likely arises from impaired
vesicle priming.

Chapter 3 presents a detailed adaptation to Drosophila of the McMahan group’s
groundbreaking method for studying synaptic vesicle docking and priming by morphological
measurements. It addresses the limitations of conventional electron microscopy and expands on
the power of electron tomography to obtain 2-3 nm spatial resolution. This method combines
Drosophila's genetic advantages with high-resolution imaging to investigate the molecular
processes underlying neurotransmitter release. The chapter outlines the protocol, covering
sample preparation and data analysis tools. Results show the first tomograms to achieve 2-3 nm
resolution in Drosophila and show the protocol's effectiveness in generating tomograms with
high enough resolution for measuring critical parameters like membrane thickness and VM-PM
contact area in Drosophila. The discussion section highlights specific considerations such as
maintaining osmolarity during sample prep and software limitations. In summary, Chapter 3
offers an innovative approach that marries Drosophila genetics and high-resolution imaging
which has the potential to unlock deeper insights into synaptic mechanisms through
ultrastructural mapping and protein identification.In Chapter 4, I discuss how the synaptotagmin
polylysine motif mutant may mediate vesicle priming through molecular interactions with
inositol phosphates. I then discuss key considerations when assessing vesicle docking using
standard electron microscopy and how electron tomography is a superior method to assess
vesicle docking. I discuss how the electron tomography method presented in Chapter 3 could not
only confirm the results found in Chapter 2, that the synaptotagmin C,B polylysine motif is not
involved in vesicle docking but could also be used to directly test the mutant’s potential role in

priming. Specific aims for future studies on the synaptotagmin polylysine mutation in
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Drosophila are presented. The potential results and interpretations for the specific aims are
discussed. Lastly, I showcase interesting, unpublished findings from electron tomograms I have

taken at the Drosophila NMJ and discuss their potential significance.
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CHAPTER 2: THE C,B POLYLYSINE MOTIF OF SYNAPTOTAGMIN IS NOT REQUIRED

FOR DOCKING OF SYNAPTIC VESICLES

Overview

Chemical synapses are specialized contact sites that regulate cell to cell communication in the
nervous system through neurotransmitters. Neurotransmitters are packaged in synaptic vesicles,
which mediate the release of neurotransmitters into the synapse. Upon the arrival of an action
potential at the pre-synaptic cell, calcium enters the cell and binds to intercellular proteins
evoking vesicle fusion and releasing neurotransmitters onto the post-synaptic cell. The synaptic
vesicle protein, synaptotagmin, is known to be a Ca?* sensor which mediates synaptic vesicle
fusion. Synaptotagmin has four distinct domains, two of which are Ca?* binding domains (C,A
and C,B). In addition to sensing Ca?* via its C, domains, synaptotagmin is also hypothesized to
mediate the docking of vesicles to the pre-synaptic membrane and/or the priming of vesicles to a
ready-releasable state. Previous literature has identified a particular polylysine motif in the C,B
domain of synaptotagmin. Electrophysiological analysis of these polylysine mutants revealed
decreased evoked transmitter release, which could be a result of disrupting Ca?*-triggered vesicle
fusion, endocytosis or vesicle docking and/or priming. Previous literature has demonstrated that
the polylysine mutant still acts in a calcium-cooperative manner and does not affect vesicle
endocytosis. This suggests that the polylysine mutant acts on the vesicle cycle somewhere after
endocytosis and before vesicle fusion, possibly at the step of vesicle docking and/or priming. The
present study uses electron microscopy to investigate the role of synaptotagmin’s C,B polylysine
motif in vesicle docking at the Drosophila neuromuscular junction (NMJ). The distance of

synaptic vesicles from the presynaptic membrane was measured. We found no differences
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between controls and the polylysine mutants in the distance of synaptic vesicles from the plasma
membrane of active zones. Thus, our results rule out the hypothesis that the polylysine motif is
required for docking of vesicles at the presynaptic membrane. This finding suggests that the
polylysine motif has implications in the priming of synaptic vesicles at the neuromuscular
junction. Future studies will aim to elucidate the polylysine motif’s role in vesicle priming and

how this relates to the overall function/interactions of synaptotagmin.

Introduction

Fast and efficient intercellular communication at the NMJ is orchestrated through the
release of neurotransmitter from presynaptic nerve terminals onto a muscle fiber.
Neurotransmitter filled synaptic vesicles fuse with the presynaptic membrane at “active zones,”
specific presynaptic specialization, that mediate fast and efficient transmitter release required for
movement. Synaptic vesicles must first be docked and primed at the presynaptic membrane prior
to fusion. Immediately following vesicle fusion, synaptic vesicles are replenished though
clathrin-mediated endocytosis (CME). These recycled synaptic vesicles are then loaded with
neurotransmitter and trafficked to the presynaptic membrane, thus completing the synaptic
vesicle cycle. Deficits anywhere in the synaptic vesicle cycle could result in synaptic
dysfunction.

At the active zone, vesicular and target membrane SNARE proteins mediate the fusion
event (Bennet et al., 1992; Schiavo et al., 1992; Schiavo et al., 1997; Weber et al., 1998; Rizo
and Xu, 2015; Sauvola and Littleton, 2021) while the synaptic vesicle protein, synaptotagmin, is
the Ca® sensor that triggers fast, synchronous neurotransmitter release (Geppert et al., 1994;
Mackler et al., 2002; Chapman, 2018). Synaptotagmin is composed of an N-terminal

intravesicular domain, a transmembrane domain, and two cytoplasmic C, domains, C,A and C,B

30



(Perin et al., 1990 & Perin et al. 1991, Sutton et al., 1995, Sutton et al. 1999). C, domains are
evolutionarily conserved calcium-binding domains found in many proteins that consist of an

eight-stranded beta sandwich with a calcium binding pocket at one end. The crystal structure of

the C,B domain of synaptotagmin is shown in Figure 2-1B. Ca>* binding to both C,A and C,B is
required to trigger fast, synchronous, SNARE-mediated vesicle fusion events (Mackler et al.,
2002; Nishiki and Augustine, 2004; Striegel et al., 2012; Bowers and Reist, 2020, Bai and
Chapman, 2004). However, synaptotagmin is also hypothesized to play roles in other steps of the
vesicle cycle, including endocytosis and Ca**-independent docking and/or priming of synaptic
vesicles (Z. Wang et al., 2011, Sudhof 2013, Chang et al. 2018, Zhou et al., 2017, Bouazza-
Arostegui et al., 2022).

Synaptotagmin’s role in endocytosis was first postulated due to the depletion of synaptic
vesicles observed in sy mutants and due to synaptotagmin’s interaction with the clathrin
adaptor protein AP-2 (Jorgensen et al. 1995, Reist et al., 1998, Littleton et al., 2001, Loewen,
Royer et al., 2006, Liu et al., 2009, Zhang et al. 1994, Haucke & De Camilli, 1999, Haucke et al.
2000, von Poser et al., 2000, Jarousse et al., 2001, Fergestad et al., 2001). In a set of experiments
using synapto-Phlourin and fluorescein-assisted light inactivation (FIAsH-FALI) after
exocytosis, Poskanzer et al., were able to experimentally uncouple exocytic and endocytic
functions of synaptotagmin in vivo, which revealed that the C,B domain of synaptotagmin, or an
associated protein, are necessary for clathrin-mediated endocytosis.

The C,B domain of synaptotagmin contains an evolutionarily conserved polylysine motif
(Fig 1, cyan and *). Early biochemical work indicated that the polylysine motif interacts with
AP-2 (Chapman et al., 1998; Haucke & De Camilli, 1999; Haucke et al., 2000; Littleton et al.,

2001; Zhang et al., 1994, see however Ubach et al 2001) leading to the hypothesis that the C2B
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polylysine motif may mediate synaptotagmin’s role in endocytosis. Mutations in the polylysine
motif decrease synaptic transmission; the amplitude of evoked transmitter release is decreased by
~40% (Mackler & Reist, 2001, Lui et al., 2009, Niskiki & Augustine, 2004, Schiavo et al.,
1992), consistent with deficits in any of the synaptic vesicle steps listed above, including
endocytosis.

To directly test for a functional role in endocytosis, Loewen, Lee, et al. (2006) measured
the rate of endocytosis in C,B polylysine motif mutants using FM1-43 and found that it was
unchanged compared to controls. In addition, the polylysine motif mutant was able to rescue the
synaptic vesicle depletion seen in syl mutants, again inconsistent with a role in endocytosis.
To probe for other deficits in the synaptic vesicle cycle, they tested the rate of recovery
following high-frequency stimulation. Importantly, they found that polylysine motif mutants
recovered more slowly than controls.

The findings that: 1) the polylysine motif displayed no change in the rate of endocytosis,

2) rescued synaptic vesicle depletion, yet 3) exhibited delayed recovery from high-frequency

stimulation, implicate a role in Ca**-independent vesicle trafficking. Synaptotagmin has been
hypothesized to mediate the docking of vesicles to the pre-synaptic membrane and/or the
priming of vesicles to a ready-releasable state. Synaptotagmin’s documented interactions with
PIP, (phosphatidylinositol 4,5-bisphosphate) pose a possible mechanism to synaptotagmin’s role
in docking and/or priming. Calcium-independent binding of PIP, to synaptotagmin’s polylysine
motif is postulated to facilitate exocytosis by facilitating the close apposition of vesicle and
target membranes (Bai et al., 2004; Wang et al., 2017).

This study reassesses the synaptotagmin C,B polylysine motif’s interaction with AP-2

and investigates the motif’s role in vesicle docking at the Drosophila neuromuscular junction to
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directly test the hypothesize that this polylysine motif is required to dock synaptic vesicles at the

active zone.

A- * % 3 B

HSYT1 320 NGKRLKKKKTTIKKNTLNPYYNESF 34
DSYT132 NGKRLKKKKTSIKKCTLNPYYNESF 3%
MSYT1 39 NGKRLKKKKTTIKKNTLNPYYNESF 343
RSYT1 3199 NGKRLKKKKTTIKKNTLNPYYNESF 343

Figure 2-1. The Three Lysine Residues of the Second C,B Polylysine Motif

Three highly conserved lysine residues within the second C, domain of synaptotagmin that
constitute the C,B polylysine motif are shown. (A.) ClustalW protein sequence alignments of
the portion of the C,B domain containing the polylysine motif (*) of synaptotagmin 1 from
Human, Drosophila, Mouse, and Rat. (B.) Crystal structure of the C,B domain of synaptotagmin
made using PyMOL (pdb 1K5W). The three lysine residues are shown in cyan. Yellow arrows
indicate 3 sheets; yellow spiral indicates an o helix; the red circle indicates a Ca?* atom bound to
the calcium binding pocket of C,B.

* = evolutionarily conserved lysine residues

Materials and Methods
Fly Lines

Mutant and wild type control synaptotagmin were each expressed as a UAS-driven
transgene in a synaptotagmin null mutant (sytAD4, DiAntonio & Schwarz, 1994) background
such that the only synaptotagmin expressed was from the transgenes. Expression of the UAS-
driven transgene was localized to the nervous system using elavGAL4, a pan-neuronal source of
Gal4 (Brand & Perrimon, 1993; Robinow & White, 1988). The fly lines utilized were:
yw,;sytAD4/CyO GFP; P[UASsytwt], yw;sytAD4/CyO GFP; P[UASsytK379,380,384Q], and

yw,;sytAD4 PlelavGal4]/CyO GFP (Mackler and Reist, 2001). The transgenic Drosophila used
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had the genotypes: yw;sytAP* P[elav-Gal4]/sytAP4P[UAS sytK379380.384Q] /4 (referred to as P[syt¥?])
and yw;sytAP4 Plelav-Gal4]/sytAP*;P[UAS syt*]/+ (referred to as P[syt"T]). OregonR Drosophila
(true wild type, +/+) were used in one comparison.
Molecular Modeling

Since the crystal structure of Drosophila sytl has yet to be solved and the C,B domains
of Drosophila sytl and rat sytl are virtually identical, we utilized rat sytl for our model.
Specifically, for this study, the crystal structure of Rat sytl C,B domain (PDB File 1IK5W) was
obtained from the Protein Data Bank. Next, we generated a model of the polylysine mutation
using the mutagenesis wizard in the molecular graphics system PyMOL (Version 1.8;
Schrodinger, LLC & DeLano, 2020). In the model, rat sytl C,B residues 326, 327, and 331 were
mutated to glutamines, to represent the homologous polylysine mutant residues 379, 380, and
384 in Drosophila sytl.
Recombinant Proteins

Drosophila cDNA for C,A (residues 191-317), C,B (323-474), and C,AB (191-474) was
obtained by PCR amplification of syt / cDNA that was either wild-type or that contained a C,B
polylysine motif mutation with lysine residues 379, 380, and 384 mutated to glutamines
(Mackler and Reist, 2001). They were subcloned into the expression vector pET 28a(+)
(Novagen, Madison, WI) and transformed into E. coli BL21 Rosetta to express recombinant
proteins with a C-terminal six-histidine tag. The transformants were grown to the log phase
(optical density (O.D.) at 600 nm of 0.5) at 37 °C in Luria-Bertani (LB) broth with 50 pg/ml
kanamycin. Expression of recombinant proteins was induced by adding 0.2-0.5 mM IPTG. The

cells were cultured at 25 °C for overnight. The cultured cells were harvested by centrifugation at

4°C and frozen at -70 °C. His6-tagged recombinant proteins were purified using a Ni-NTA
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agarose column chromatography (Qiagen, Valencia, CA) according to the manufacturer’s
instructions (Qiagen, Valencia, CA) with the addition of DNase I/RNase A incubations to aid the
removal any nucleic acid contaminants. Briefly, bacterial pellets were resuspended in 300 mM
NaCl, 50 mM Tris-HCI, pH=8.0, 1% Triton X-100, containing 0.5 mg/ml Lysozyme (Sigma, St.
Louis, MO) and a protease inhibitor cocktail (P8340, Sigma, St. Louis, MO; 1ml/4g of E. coli
(wet weight)), sonicated (5 cycles, 20 sec on/90 sec off), incubated with 10 pg/ml DNase I and
RNase A and 0.5 mM MgCl, for 1 hr, spun at 12,000 rpm 2 X 20 min and the supernatant was
applied to Ni-NTA resins (1 ml of resin/2 L of cultured cells). Column was washed with 300 mM
NaCl, 20 mM Tris-HCI pH gradient pH=8.0 to 6.8 (10 column volumes at each pH) and then
incubated in 1 mg/ml DNase I and RNase A, 300 mM NacCl, Tris-HCI, pH=6.8 overnight
followed by two high salt washes (1 M NaCl, 20 mM Tris-HCI, pH=6.8, 10 volumes each).
His6-tagged proteins were eluted with a step gradient of imidazole (5 mM-200 mM) and
dialyzed against HBS (150 mM NacCl, 50 mM HEPES, pH=7.6). Removal of nucleic acid
contaminants was verified by UV spectral analysis on a Hewlett Packard 8425A
spectrophotometer. E. coli BL21 Rosetta containing pET28 vector was induced with 2mM IPTG,
resuspended with HBS and lysed by sonication. The resulting lysates were used for the negative
control in the binding assay.
Detergent extraction

Drosophila heads (OrR) were sonicated (4 cycles, 60 sec on/90 sec off) in 280 mM
sucrose containing a protease inhibitor cocktail (P8340, Sigma, St. Louis, MO; 100ul/100mg of
Drosophila head) and spun at 5000 rpm for 2 min (Eppendorf 5417C microcentrifuge). The
supernatant was spun at 11,000 rpm for 12 min and membranes remaining in the supernatant

were extracted for 45 min at 4°C in 10 volumes of extraction buffer (1% Triton X-100, 100 mM
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NaCl, 50 mM HEPES, pH=7.6, Protease Inhibitor; 1ml/10ml of total volume of protein mixture).
Extraction mix was spun at 100,000 X g for 1 hr at 4°C.
Binding assay

100 pg of His6-recombinant proteins in 500ul of HBS were applied to 10 pl Ni-NTA
resin, washed 3 X with 500 ul of HBS to remove unbound proteins. 1ml of Detergent extracts (1
mg/ml) of Drosophila were adjusted to 1 mM CaCl,or 2 mM EGTA respectively and subjected
to recombinant protein-resin mixes and incubated for 2 hrs at 4°C. The resulting proteins-resin
complexes were washed 3 X with 1 ml HBS and boiled in 20 pl SDS sample buffer (2% SDS, 2
mM dithiothreitol, 4% glycerol, 40 mM Tris-HCI, pH6.8, 0.01% bromophenol blue) and
separated by SDS-PAGE. Bound AP-2 was detected by Western blot analysis using an antibody
directed against Drosophila alpha-adaptin (Gonzalez-Gaitan & Jackle, 1997) diluted 1:4,000 in
PBS containing 0.05% Tween and 10% NGS (PBS-Tw-NGS) and an HRP-conjugated donkey
anti-rabbit IgG (Jackson ImmunoResearch Labs, West Grove, PA) diluted 1:20,000 in PBS-Tw-
NGS, which was visualized using a chemoluminesent signal detection system, a Supersignal
West Dura Extended Duration Substrate kit (Pierce, Rockford, IL) in an Epichemi3 Darkroom
(UVP, Upland, CA). Amounts of bound recombinant proteins on the Ni-NTA resin was
examined by Ponceu-S (0.1% Ponceu-S in 5% acetic acid) staining of the blot to ensure equal
loading.
Electron Microscopy

Third instar larvae were dissected in cold, Ca**-free HL3 saline, and then embedded,
sectioned, and stained as previously described (Loewen, Royer, et al., 2006). Briefly,
immediately following dissection, third in stars were fixed for 1 hr in ice-cold primary fixative

(1% acrolein, 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2), rinsed in 0.1 M
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cacadylate buffer, post-fixed for 1 hr in secondary fixative (0.5% OsO,, 0.8% KFeCn in 0.1 M
cacodylate buffer, pH 7.2), incubated in 5% uranyl acetate for 1 hr to overnight at 4 °C, and then
dehydrated and embedded in Embed-812 (Electron Microscopy Sciences). Thin plastic sections
of 70 nm were taken and poststained in 5% uranyl acetate and Reynold’s lead citrate. Electron
micrographs of neuromuscular junctions on muscle fiber number 6 from abdominal segments 3
and 4 were taken at 15,000X magnification on a JEOL 2000 EX-II transmission electron
microscope operated at 100 keV. Images were scanned using an Agfa DuoScan T2500 and
adjusted for contrast using Adobe Photoshop software.
Analysis

Only electron micrographs of active zones containing clearly visible T-bars and
presynaptic membranes were selected for analysis. Micrographs of experimental and control
groups were randomized and blinded. To analyze the distribution of synaptic vesicles, the
parameters to define the active zone were set and applied to each micrograph. The active zone
region was defined as 150 nm from either side of the T-bar (see yellow lines on Fig. 2-3C) and
within 200 nm from the presynaptic membrane. To ensure there were no differences between the
region of active zone analyzed for the experimental and control lines, the cumulative length of
active zone membrane analyzed on either side of the T-bar was compared (see Fig. 2-3D. If the
middle of a synaptic vesicle was more than 200 nm from the presynaptic membrane, it was not
included in the analysis. The average diameter of small clear vesicles (35 = 5 nm SD) from
similar specimens was previously documented in Loewen, Royer, et al. (2006). Only small, clear
vesicles that were < 50 nm in diameter were included in the synaptic vesicle distribution. Any
dense core vesicles and large vesicles that were > 50 nm were left out of the analysis. To ensure

the number of synaptic vesicles per active zone analyzed was not different between experimental
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and control lines, the total count of synaptic vesicles per active zone were compared (see Fig. 2-
3E. To measure the distribution of synaptic vesicles, a line was drawn from the middle of the
vesicle lumen to the nearest surface of the presynaptic membrane, which are shown by the black
lines on Figure 2-3C. This was done for every small clear vesicle within the active zone
parameters defined above. The length of the line drawn for each vesicle was recorded as that
vesicle’s distance from the presynaptic membrane. The data was pooled into 12 nm bins starting
from the first 0-23 nm bin. Docked vesicles were defined as those whose center was within 23
nm from the presynaptic membrane (Loewen, Royer et al., 2006). Thus, all vesicles in the 0-23
nm bin were defined as docked. Seventy-three active zones from the experimental polylysine
motif mutant (P[syt®?]) and 74 active zones from the WT control (P[sytVT]) were used in the
analysis.
Results and Discussion
AP-2 Binding Is Not Mediated by C,B Polylysine Motif

To determine whether the synaptotagmin/AP-2 interaction in Drosophila is mediated by
the C,B polylysine motif, a pull-down assay was performed (Fig. 2-2). Ponceu-S stain shows that
approximately equal amounts of recombinant protein were used in paired control and mutant
lanes (Fig. 2-2A). Immunolabeling demonstrates that AP-2 binds specifically to the C,B domain
of synaptotagmin (Fig. 2-2B, compare C2A vs. C,B and C,AB lanes) and that this interaction is
calcium independent (Fig 2B, - vs + lanes). Importantly, AP-2 binds equally across all C,B
containing lanes, including the polylysine motif mutant lanes, C2B-KQ and C2AB-KQ (Fig. 2-
2B). These results demonstrate that AP-2 binds to the C2B domain of synaptotagmin in
Drosophila, as seen previously in Drosophila, mouse, rat, and liposomes (Littleton et al., 2001;

Mizutani et al., 1997; Zhang et al., 1994; Chapman et al., 1998; Hauke et al., 2000). However,
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the polylysine mutation does not affect this interaction with AP-2 (Fig. 2-2B, C2B-KQ and
C2AB-KQ). These results are consistent with the findings of Ubach et al. 2001. Thus, the
decrease in EJP amplitude in the C2B polylysine mutant is independent of AP-2 function during

endocytosis, consistent with the findings of Loewen, Lee, et al. (2006).
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Figure 2-2. AP-2 Binding is Intact in the C2B Polylysine Motif Mutant

A pull-down assay using 6-His recombinant synaptotagmin peptides was
performed both in the presence and absence of calcium: 2 mM EGTA (-) or | mM
CaCl2 (+). For negative control, the 50 amino acid peptide from pET 28a(+) was
expressed with IPTG in E. coli. (A.) SDS-PAGE assay stained with Ponceu-S
showing approximately equal amounts of recombinant peptides were used to
compare mutants and controls. (B.) SDS-PAGE assay immunolabeled with anti-
AP-2 antibody. Recombinant WT control peptides C2B and C2AB bind AP-2 in a
Ca**-independent manner. The C2A peptide does not bind AP-2. The polylysine

motif mutation, C2B-KQ and C2AB-KQ, does not affect the interaction with AP-
2.

Measuring Vesicle Docking by Electron Microscopy

Electron microscopy was used to analyze whether the polylysine motif mutant causes a
disruption in synaptic vesicle docking. Electron micrographs showing active zones at the
Drosophila NMJ were taken of the polylysine mutant and WT controls (see Fig. 2-3). To analyze
docking, the synaptic vesicle distribution was assessed specifically in the active zone region

immediately surrounding the T-bar (Fig. 2-3C, and see methods). The total plasma membrane
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length and synaptic vesicle count included per active zone region were calculated as a control to
ensure there were no differences in the length of active zones or the number of synaptic vesicles
being analyzed (Fig. 2-3 D-E, respectively). Synaptic vesicles were then grouped into bins based

on their distance in nm from the presynaptic membrane.
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Figure 2-3. Electron Micrographs of Drosophila Neuromuscular Junctions

Neuromuscular junctions in 70 nm sections of chemically-fixed and stained third
instar larva. (A.—B.) Active zones and the vesicle cloud for the transgenic control
and polylysine mutant, respectively. (C.) Control with overlay of example
measurements used to determine vesicle distributions. Black lines represent
measurement from center of a small clear vesicle to the cytoplasmic leaflet of the
plasma membrane. Yellow lines mark a 150 nm region of presynaptic membrane
on either side of the T-bar that we defined as the active zone regions (Loewen,
Lee at al., 06). Synaptic vesicle distribution measurements were obtained from
this region. Only vesicles whose centers lay within 200 nm from the marked
active zone membrane were included in measurements. (D.) Total plasma
membrane length and (E.) total number of SVs analyzed per active zone is shown
for WT control and polylysine mutant.

C2B Polylysine Motif Does Not Affect Synaptic Vesicle Docking
The distribution of synaptic vesicles in the vicinity of active zones reveals that there is no

difference between the polylysine motif mutant and WT control across all distances from the
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presynaptic membrane (Fig. 2-4). More specifically, analysis of the 0-23 nm bin demonstrated
that there was no difference between the wildtype and polylysine mutants in the number of
vesicles that were immediately adjacent to the plasma membrane (“docked” vesicles, p = 0.49).
This result establishes that the polylysine motif is not required for docking of vesicles at the

presynaptic membrane.

Synaptic Vesicle Distribution at the Active Zone
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Figure 2-4. Synaptic Vesicle Distribution at the Drosophila NMJ Active Zone

Comparison of small clear synaptic vesicle distribution at active zones for WT

control versus polylysine mutant. The distance of the small clear synaptic vesicles

from the presynaptic membrane was binned for both genotypes. No significant

differences were found (P-value range 0.49-0.62).
C:B Polylysine Motif Likely Plays a Role in Synaptic Vesicle Priming

In the present study, we build on previously-established characterizations of the
synaptotagmin C2B polylysine motif in Drosophila. Loewen, Royer, et al. (2006) demonstrated
that when the polylysine motif is mutated to glutamines, there is an ~40% decrease in evoked

neurotransmitter release. Originally, this decrease in evoked release was thought to result from a

disruption in synaptic vesicle endocytosis based on the finding that the C2B polylysine motif
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interacted with the clathrin adapter protein, AP-2 (Chapman et al., 1998; Haucke & De Camilli,
1999; Haucke et al., 2000; Littleton et al., 2001; Zhang et al., 1994). However, Loewen, Lee et
al. (2006) demonstrated that the polylysine mutant did not affect the rate of vesicle endocytosis.
Additional biochemical analyses from the Siidhof lab suggested that the apparent interaction
between the C2B polylysine motif and AP-2 may be an artifact caused by nucleic acid
contamination (Ubach et al., 2001). Yet a different lab still found AP-2 binding was disrupted by
the C2B mutation (Jarousse & Kelly, 2001). To address this controversy, we analyzed AP-2
binding to synaptotagmin C2 domains and found that AP-2 does bind to the C2B domain of
synaptotagmin, but this interaction was not disrupted by mutating the polylysine motif (see Fig.
2-2B). Thus, we confirm, at least in Drosophila, that the C2B polylysine motif does not bind AP-
2 consistent with the finding that this motif does not play a role in vesicle endocytosis (Loewen
2006).

Further, Loewen, Royer, et al. (2006) demonstrated that the C2B polylysine motif does

not disrupt the Ca’* cooperativity of release. Yet it does slow the rate of recovery to baseline
levels of evoked release following high frequency stimulation. Together, these data suggest that
the polylysine motif functions during a Ca*" independent stage of the vesicle cycle somewhere
after endocytosis and before Ca**-dependent vesicle fusion, leaving vesicle docking and priming
as likely candidates.

Here we demonstrate that synaptic vesicle docking is not impacted because the number of
docked vesicles at the active zones of the polylysine mutant did not differ from that found in the
active zones of the WT control. This is in direct contrast to a recent study in mice where the
authors found that in both sy#uil mutants and in C2B polylysine mutants there was an ~50%

decrease in the number of docked vesicles (S. Chang et al., 2018). Since it has been suggested
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that a rapid freeze/freeze substitution preparation is necessary to measure synaptic vesicle
docking (Fouquet et al., 2009; Rostaing et al., 2006), we wanted to address any concern
regarding the chemical fixation used in this study.
Docking Deficits are Detectable using Chemical Fixation Electron Microscopy

To demonstrate that our fixation protocol is appropriate for measuring docking, we
compared our docking results to the data from a previous publication, Loewen, Royer, et al.
(2006) [Fig. 2-5 black bars and cross-hatched bars], where vesicle docking in syull mutants was
assessed using the same chemical fixation procedure. In both studies, docked synaptic vesicles
were defined as those whose centers were within 23 nm from the cytoplasmic leaflet of the
presynaptic membrane. We normalized the data from Loewen et al. 2006 to either the true wild
type control (Fig. 2-5A, +/+) or the transgenic wild type control (Fig. 2-5B, P[sytWT]) to permit a
direct comparison with the current results. At the Drosophila neuromuscular junction, Loewen,
Royer, et al. found an ~50% decrease in the number of docked synaptic vesicles in sytull mutants
(Fig. 2-5A, white cross-hatched bars, -/-) compared to both true wild type (Fig. 2-5A, black bars,
+/+) and transgenic wild type (Fig. 2-5A, grey cross-hatched bars P[sytWT]) controls. This result
is approximately equivalent to the docking deficit found by S. Chang et al. (2018) at synapses in
cultured hippocampal neurons from wild type and sysull mutant mice. Importantly, a side-by-
side comparison of the data from Loewen, Royer, et al. and the present study normalized to the
transgenic control demonstrates that our fixation protocol does reveal a significant decrease in
vesicle docking in the syrull mutant (Fig. 2-5B, white to grey cross-hatched columns, 0-23 nm
bins) that is not observed in the polylysine mutant (Fig. 2-5B, blue to grey columns, 0-23 nm

bins).
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Therefore, our chemical fixation methods are reliable for detecting docking deficits and we can

be confident that we would be able to detect a docking deficit if one were present. Additionally,

Figure 2-5. Detection of Docking Deficits Using Chemical Fixation

(A.) *Data re-graphed from Loewen et al 2006 show that our fixation protocol
detected an ~50% decrease in the number of synaptic vesicles (SVs) within 0-23
nm from the presynaptic membrane in synaptotagmin null mutants (-/-) compared
to both a true wild type control (+/+) and a transgenic wild type control (-/-
;P[sytVT]). Data were normalized to the true wild type control. (B.) Side-by-side
comparison of data from Loewen, Royer, et al. (2006) and the present study
normalized to the transgenic wild type control (-/-;P[sytWT]) showing the
percentage of SVs in the two bins closest to the presynaptic membrane. A 46%
decrease in vesicle docking (0-23 nm bin) is clearly seen in synaptotagmin null
mutants *(-/-) when normalized to the transgenic wildtype *(-/-;P[sytVT], P
=0.001), and yet is not seen in the polylysine mutants (-/-;P[Syt¥?]) when
normalized to the transgenic wildtype (-/-;P[syt"T], P = 0.49).

*Data adapted from Loewen, Royer, et al. (2006).

since 70 nm thin plastic sections were used for imaging, and the average diameter of larval

synaptic vesicles is 35 + 5 nm (Loewen, Lee et al., 2006), it is likely that many vesicle profiles
do not capture the entire vesicle within the electron micrograph. Instead, it is likely that many
profiles only represent a portion of the vesicle. Accordingly, our method of measuring from the
presynaptic membrane to the center of each vesicle avoids any error that might be caused due to

partial vesicle profiles. Since the results from Loewen, Lee et al., 2006, suggest a deficit in a

Ca’*-independent vesicle trafficking and we show here that docking is not disrupted, we
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hypothesize that the decrease in evoked transmitter release reported for the C2B polylysine
mutant is due to a deficit in vesicle priming at the active zone.

Synaptotagmin’s documented interactions with PIP2 pose a likely mechanism to
synaptotagmin’s role priming (Bai et al., 2004; Li et al., 2006, Madziva et al., 2005, Osborne et
al., 2007, Voleti et al., 2017; Wang et al., 2017, Zhu et al., 2022). Additionally, some of the
lysine residues within the C2B Polylysine series have been shown to bind calcium channels in
vitro, suggesting the motif plays a role in localizing synaptotagmin closely to calcium channels
(Charvin et al., 1997; Sheng et al., 1997), which could affect the rate at which vesicles fuse with
the membrane following calcium influx. Thus, if this physical interaction localizing calcium with

the C2B domain of synaptotagmin were impaired, evoked transmitter release could be as well.
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CHAPTER 3: A METHOD TO QUANTITAVELY MEASURE SYNAPTIC VESICLE

DOCKING AND PRIMING USING ELECTRON TOMOGRAPHY IN DROSOPHILA

Introduction

Significance of the Protocol
Until very recently, there has not been a way to directly measure morphological vesicle priming
because the three-dimensional (3D) resolution limitations (~50 nm in the Z-plane) of standard
electron microscopy has limited our ability to identify the spatial relationships between docked
vesicles and the presynaptic membrane. A method to assess synaptic vesicle docking and
priming using electron tomography has been established at frog neuromuscular junctions (Jung et
al., 2016). However, frogs are not amenable for the genetic experimentation that has proven to be
extremely valuable for determining the molecular mechanisms of biological processes.
Drosophila melanogaster, on the other hand, is a widely-used model system for genetic
manipulations. The protocol outlined herein presents a unification of Drosophila as a genetic
model system, with the ultra-high spatial resolution of electron tomography developed in frog for
the assessment of synaptic vesicle docking and priming.
Background

Neurotransmitters are stored in synaptic vesicles that fuse with the presynaptic membrane
at “active zones,” sites specialized to mediate this fusion event (Couteaux and Pecot-
Dechavassine, 1970; Dryer et al., 1973; Zhai and Bellen, 2004; Sudhof, 2012, 2013; Szule,
2021). Synaptic vesicles must first be docked and primed with the presynaptic membrane prior to
fusion (Sudhof, 2004; Sudhof and Rizo, 2011; Szule and Coorssen, 2003, Bennet et al., 1992).

Proteins required for each of these steps are highly concentrated at the active zone and
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specifically organized into active zone material ([AZM]; see Fig. 3-2; Rizo, 2022; Szule, 2021;
Slater, 2015;). Previous experimentation has revealed some of the functional roles of several
proteins concentrated at active zones. The SNARE proteins mediate the vesicle fusion event

(Schiavo et al., 1997; Sauvola and Littleton, 2021; Szule and Coorssen, 2003; Sutton et al., 1998;

Karmaker et al., 2019), while synaptotagmin is the essential Ca® sensor for triggering fusion
(Brose et al., 1992; Bommert et al., 1993; Geppert et al., 1994; Desai et al., 2000; Mackler et al.,
2002). Determining the precise location and morphological relationships of each AZM protein is
prerequisite to deciphering the molecular mechanisms mediating docking, priming and fusion of
synaptic vesicles (Slater, 2015; Szule, 2021; Rizo, 2022). Unfortunately, the location of these
essential proteins within the AZM remains unknown partially due to the three-dimensional (3D)
resolution limitations of standard electron microscopy (~50 nm in the Z-plane, due to thickness
of the tissue section). Electron tomography is a technique that capitalizes on the powerful
magnification and resolution of the electron microscope combined with 3D tomographic
reconstructions (Ress et al., 1999; Harlow et al., 2001, Ress et al., 2004; Lucic et al., 2005;
Barcena and Koster, 2009; Szule et al., 2015). Recent advances in electron tomography permit
the analysis of 0.5 nm virtual slices through a single 50-70 nm sample, enabling a 3D rendering
of the sample in all three planes (Szule et al., 2012; Harlow et al., 2013; Jung et al., 2016).
However, the methods of sample preparation, data acquisition and data analysis for high-
resolution electron tomography are extremely intricate (see Fig 3-1) and must be optimized for

the materials involved (see discussion).
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Figure 3-1. Overarching methodology phases for high-resolution electron
tomography.

Electron tomography involves sample preparation, data acquisition and data

analysis. Careful attention needs to be taken at every step of the methodology to

successfully reconstruct high-resolution electron tomograms.

Only recently, using high-resolution electron tomography, has the 3D active zone
ultrastructure of mouse and frog been determined at a sufficient level of spatial resolution (2-3
nm) to begin assessing functional relationships (Szule et al., 2012; Harlow et al., 2013; Jung et
al., 2016). Nevertheless, there remain major limitations to protein identification because frogs are
not amenable to genetic tagging, while mice are costly, time consuming, and less thoroughly
developed for electron tomography as compared to the frog. The fruit fly, Drosophila
melanogaster, is an extensively utilized genetic model system that is also relatively inexpensive
and rapid. However, tomography in the fruit fly is in its infancy and has yet to be done with
sufficient resolution to render a clear 3D reconstruction of the active zone and its
macromolecular structures (compare Fig. 3-2B to Fig. 3-2A; Szule et al., 2012; Bruckner et al.,

2017).

48



Figure 3-2. Schematic 3D Reconstructions of the AZM at the Frog and Fly NMJs
by Electron Tomography

(A.) Frog: vesicles (blue spheres) and AZM (yellow, brown, white, green, red,

and purple structures). (B.) Drosophila: vesicles (gray and gold spheres)

surrounding a convoluted AZM (light blue). Images used are from Szule et al.

(2012) and Bruckner et al. (2017), respectively.

The protocol presented here was developed specifically to prepare Drosophila larval
neuromuscular junctions (NMJs) for electron tomography with the 2-3 nm spatial resolution
necessary to assess morphological relationships at the neuromuscular junction. Within this
protocol, I outline the intricate steps of sample preparation specific to NMJs in Drosophila 1.3
larvae (see Supplemental-1) and discuss key considerations during tissue preparation (see
Discussion). Data acquisition methods are highlighted, and challenges related to microscope
capability, image file size/type, and tilt-series alignment are addressed. The methods presented
here used the software package, EM3D, for tilt-series alignment, tomogram reconstruction, and
object segmentation/rendering. Strengths and challenges of EM3D are addressed in the
discussion.

Materials and Methods

See Supplemental-1 for sample preparation, fixation, sectioning, and post-staining

protocols. See Supplemental-2 for ImageJ, Excel, and Mathematica macros.
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Tilt Series Acquisition

Datasets consisting of a series of tilt-images were collected using one of three electron
microscopes designed for automatic data acquisition, which were: (a) an FEI Tecnai G2 F20
TEM with a 2048x2048 Gatan Tridiem GIF-CCD; (b) an FEI Tecnai F20 FEG-TEM equipped
with a Gatan K3 4k direct electron detector and Gatan US4000 CCD cameras; and (c) an FEI
Tecnai F30 FEG-TEM equipped with a Gatan K2 Summit 4k direct electron detector and Gatan
OneView IS 4k CCD cameras.

Electron microscopes must be equipped with a beam blanker. Beam blanking occurred
for 0.4-0.8 seconds per image, just before image capture. The beam blanking duration was
adjusted for higher tilt ranges based on amount of drift appearance. Beam blanking is an
absolutely essential step, generally not mentioned in methods sections, that is required to reduce
the appearance of drift within individual images. Without beam blanking, projection images
within a tilt-series appeared blurry, as if the section was drifting in the microscope. By beam
blanking, energy absorbed by the plastic section from the electron beam was given time to
dissipate before image capture, thus reducing the appearance of drift. To reduce shrinkage of the
plastic sections due to electron beam exposure, the stage/specimen holder/specimen in each
microscope was cooled to liquid nitrogen temperatures.

A tilt-series, for a given dataset, was composed of projection images taken in a dose-
symmetric manner at 1° tilt intervals (i.e., 0°,-1°,+1°,-2°,4+2°, etc.) to +60° along a single tilt
axis. Dual axis tilt-series were collected but were not used in reconstructions (see Chapter
Summary). Electron dosage per tilt-series collected ranged from 30e-/tilt image to 89e-/tilt
image, depending on contrast of staining within the sample. An upper limit of electron dosage of

100e- per tilt image was used (see discussion). The tilt-series were collected at magnifications
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ranging from 32,000X to 120,000X, depending on the size, location, and appearance of the
active zone. Tilt-series acquisition was restricted to active zones that had a clearly visible,
electron dense T-bar and good visibility of the plasma membrane leaflets. If the T-bar or plasma
membrane were not clearly visible, the site was not imaged. Only neuromuscular junctions on
muscle fiber 6 in muscle segments 3 and 4 were imaged, as is NMJs on muscle fiber 6 are the
standard in neuromuscular junction studies in Drosophila.

Reconstruction of Electron Tomograms Using EM3D

To enable this phase of the methodology, 5 nm or 10 nm gold colloid beads were applied
to grids prior to tilt series acquisition (see Supplemental-1 for application). Images within a tilt-
series were automatically aligned using the gold colloid as fiducial markers (see Fig. 3-3, left
panel for individual projection image showing the 5 nm gold beads). Once images had gone
through automatic alignment, the alignment error was recorded. If the alignment error was
greater than 1 px, it was reprocessed until a suitable alignment error of < 1 px was obtained. If an
alignment error of < 1 px could not be obtained, the dataset was not used.

Following alignment, reconstructions were created in EM3D using a weighted back-
projection method. Both the automatic alignment and reconstruction algorithms are in the unified
software package for electron tomography, EM3D (em3d.org:; Jung et al., 2016; Ress et al.,
2004; Szule et al., 2012). Spatial resolution of datasets was 2—-3 nm, as previously calculated in
Ress et al. (2004).

Segmentation of Structures Using EM3D

Reconstructions were composed of 1 voxel thick virtual slices through the tissue section

(see Fig 3-3 right panel, for example virtual slice from a tomogram). The virtual slice thickness

is equivalent to the pixel size within the tilt series images (unless the images were decimated),
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which varied depending on the magnification used. Using these methods, the virtual slice
thickness we obtained per dataset ranged from 0.116-0.63 nm.

Stained structures within the tissue section appear as electron dense, or dark, structures
within the reconstruction (see Supplemental-1 for more information on sample fixation and
staining). Heavily-stained structures within the reconstructions were segmented to define
volumes-of-interest (VOIs) using both manual and semi-automatic methods in EM3D (Ress et
al., 2004). VOIs were segmented, throughout the volume, based on their greyscale within all
three spatial planes (XY, ZY, YZ). EM3D was designed specifically for segmentation of objects
at the neuromuscular junction of frog. Accordingly, the manual and semi-automatic
segmentation tools in EM3D have features suited specifically for structures within active zones
(membranes, filaments). For example, the segmentation tools include a closed loop tool ideal for
segmenting vesicles, an open loop tool ideal for segmenting plasma membranes and a manual
tool for structures with more complex/unknown geometry. Further, the segmentation tools use
anchor points, an adjustable search area and adjustable grey scales which enable the user to
match the size, shape and staining of a particular object. Careful attention must be paid to the
size of the segmentation search area and the minimum and maximum greyscale settings of the
segmentation search areas to maximize the amount of staining included while minimizing noise.
The presynaptic membrane and vesicles are heavily stained and have a simple geometry, so the
semi-automatic segmentation method was used most frequently. The presynaptic membrane and
vesicles adjacent to the membrane were carefully segmented as individual VOIs. Special
attention was paid to vesicles in contact with the presynaptic membrane to ensure the VOIs were
not significantly overlapping within the virtual slices. Attention was also paid to ensure the

segmentation followed the staining of an object in all 3 cardinal planes. This prevented the
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segmentation of artifacts, for example, “shadows” cast from objects within the plastic section
during imaging.
Visualization of VOIs for Measurements

Once VOIs were segmented, an overlay of the segmentation could be visualized over the
virtual slice. This method of visualizing the segmentations was used to take measurements of the
segmented structures (see Fig. 3-5B). EM3D has a simple line tool that can provide the length for
a line drawn. However, there is no way to record multiple length measurements within EM3D.
Therefore, the virtual slices with the segmentations overlayed were exported as an image stack
and then imported into FIJI (an Image Processing package of Imagel; https://fiji.sc) for making
and recording measurements. The pixel size from EM3D was recorded for each dataset and set as
the scale in FIJI. In FIJI, simple macros that record measurements on consecutive images within
a stack were utilized (see Supplemental-2).
Measurements to Assess Vesicle Docking and Priming

To quantitatively assess the spatial relationship of docked synaptic vesicles with the
presynaptic membrane, we measured vesicle membrane (VM) thickness, presynaptic membrane
(PM) thickness, the combined thickness of the VM and PM (VM-PM) throughout the contact
site, and the length of the VM-PM contact site in each virtual slice throughout the volume (see
Fig. 3-5B). Vesicles were defined as docked if the VM and PM segmentations were in direct
contact with each other at any point through the volume's depth (Jung et al., 2016).

Once image stacks of the virtual slices with overlaid segmentations were imported into
FIJI, measurements were taken using the line tool. Membrane thickness measurements were
made by drawing a line from the outer edge of the segmentation to the inner edge of the

segmentation, perpendicular to the membrane angle. (see Fig. 3-5B, red lines — one thickened for
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easier viewing) This was done for the VM and PM beyond the area of contact. At the area of
contact, the combined VM-PM thickness was measured by drawing a line from the outer edge of
the PM segmentation to the inner edge of the VM segmentation (see Fig. 3-5B, red lines within
the orange box). To calculate the extent of the VM-PM contact, a line was drawn and measured
across the full length of the contact site, between the VM and PM, in each virtual slice (see Fig.
3-5B, yellow line). The VM-PM contact length measurements, from each virtual slice, were then
used to estimate the total VM-PM contact area. This was calculated by taking the contact length
in each virtual slice and multiplying by the thickness of the slice. Then, the sum of all contact
areas from all slices was calculated. The calculated contact area was then superimposed over a
rendering of the PM at the site of contact (see Fig. 3-5D; Fig. 3-7, second row). A spline fitting
was applied using a custom macro in Mathematica (see Supplemental-3) to provide a better
estimate of the true VM-PM contact area (see Fig. 3-7, third and fourth rows).
Results

Following this protocol, we were able to collect clear projection images (e.g., Fig. 3-3,
left panel), and accordingly, high-resolution electron tomograms, composed of multiple virtual
slices (e.g., Fig. 3-3, right panel), of active zones at the Drosophila NMJ. To demonstrate the
utility of the described protocol, examples tomograms of the Drosophila NMJ, segmented
objects within the tomogram (presynaptic membrane, synaptic vesicles), and example
measurements (membrane thickness, contact area) collected from tomograms are provided in the

following sections.
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Figure 3-3. Projection image and tomographic virtual slice at a Drosophila
active zone

Left Panel: A single electron micrograph of a Drosophila NMJ active zone in a 70
nm plastic section, taken at 0° tilt. A cloud of vesicles can be seen surrounding the
electron-dense T-Bar (red arrow). The T-Bar is closely associated with the
presynaptic membrane which possesses “railroad track™ staining (purple arrow),
stereotypical of phospholipid bilayers. Round, 5 nm gold colloid beads (white
arrows) can be seen scattered across the micrograph. Right Panel: A single 0.54
nm thick virtual slice from a 45 nm thick tomogram of the same active zone. The
visibility of structures within the virtual slice is not hindered by objects within the
thickness of the section as in the left panel.

Tomogram of an Active Zone at a Drosophila NMJ

The tomograms collected using the described protocol contain clear, high resolution (0.54 nm

voxel size) examples of the Drosophila active zone (e.g., Fig. 3-4). The T-bar, a distinctive

characteristic of the Drosophila AZM, was highlighted (not segmented) in red to aid in

visualization (Fig. 3-4B). In close proximity to the T-bar, there is a visible docked vesicle (Fig.

3-4B,C, green segmentation) in contact with the plasma membrane (Fig. 3-4B,C, blue

segmentation). A characteristic cloud of undocked vesicles (e.g., 3-4A,B white arrows; Fig. 3-

4B ,C, yellow segmentations) can also be seen surrounding the T-bar. Within the example

provided, the pre-synaptic and vesicle membranes are distinct, as seen by the “railroad track”

staining pattern, typical of lipid bilayers (Fig. 3-4A).
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Figure 3-4. High-Resolution Tomogram of an Active Zone at a Drosophila NMJ

Panel A: A single 0.54 nm thick virtual slice from a 45 nm thick tomogram. Panel

B and Panel C: Object segmentations from all 84 virtual slices in the tomogram

are superimposed on the individual slice shown in Panel A. The T-bar is

highlighted (not segmented) in red in Panel C for visualization. White arrows

indicate stained cross-section of vesicles. Object segmentations include a docked

vesicle (green), presynaptic plasma membrane (blue), and undocked vesicles

(yellow).
Quantitative Assessment of Morphological Structures Within Tomograms

Measurements on virtual slices were used to quantify membrane thickness of the vesicle
membrane (VM; Fig. 3-5B, red lines, one thickened to aid visualization) and the plasma
membrane (PM; Fig. 3-5B, red lines) beyond the site of the VM-PM contact. The VM-PM
contact was further assessed by: (a) measuring the combined thickness of the VM-PM through
the site of contact (Fig. 3-5B, red lines within orange highlighting) and (b) measuring the extent
of the VM-PM contact length on each virtual slice (Fig. 3-5B, yellow line) through the volume.
VM-PM contact area can then be visualized by mapping the contact length by virtual slice

thickness for each slice onto the 3D rendering of the PM in the region of the VM-PM contact site

(Fig. 3-5D).
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Figure 3-5. Example Tomographic Measurements

(A.) A single 0.54 nm virtual slice showing electron dense staining of a docked

vesicle and the presynaptic plasma membrane. (B.) Segmentations from this slice

are shown for the vesicle (green) and plasma membrane (blue). Membrane

thickness measurements (e.g., red line), vesicle membrane plus plasma membrane

contact region (orange highlight), and the VM-PM direct contact length (yellow

line) are indicated. (C.) 3D rendering of a docked vesicle and PM from 65 virtual

slices. (D.) The contact area between the docked vesicle membrane and plasma

membrane from multiple (32 in this case) virtual slices is shown. Contact area

(green) is superimposed onto 3D PM rendering (blue).

The frequency distribution of membrane thickness measurements was graphed (Fig. 3-6).
Shown are the distributions of a) VM thicknesses (Fig. 3-6, green) and PM thickness (Fig. 3-6,
blue) beyond the contact site, b) the combined VM-PM thicknesses at the area of contact (Fig. 3-
6, orange), and C) a simulated sum of the VM and the PM thickness measurements (Fig. 3-6,
white) obtained by randomly adding VM and PM measurements away from the contact area.
Because the sample size of VM-PM measurements was low, a bootstrap test was run with a

sample size of 10,000 to increase the statistical power of our VM-PM thickness comparisons.

The average VM thickness and PM thickness beyond the contact site was 7.2 + 1.1 nm and 7.7 £
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1.0, respectively, similar to other membrane thicknesses measurements (Jung et al., 2016,
Yamamoto, 1963). The average combined VM-PM thickness at the area of contact (Fig. 3-6,
orange) was 14.5 + 1.3 nm, similar to measurements in the frog (Jung et al., 2016). The average
simulated sum of the VM and the PM thickness measurements (Fig. 3-6, white) was 14.9 £ 1.5.
The average measured VM-PM thickness was not significantly different from the simulated sum
(p =0.982). Consistent with the findings in frog, this data suggests that the vesicle and plasma
membranes are in direct contact with each other (i.e., no measurable gap between them where
VM-PM thickness would be greater than the simulated sum), and are not in a state of hemifusion

(where the VM-PM thickness would be less than the simulated sum).
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Figure 3-6. Frequency Distributions of Membrane Thickness Measures

The thicknesses of the VM (green) and PM (blue) away from the area of contact

are graphed. The thicknesses of the VM-PM at the contact site (orange) and the

simulated sum (white) of VM and PM thicknesses away from the contact site are

graphed.

Once docked vesicles were fully segmented and measurements were taken, the 3D
renderings of docked synaptic vesicles and their associated presynaptic membrane were captured

as images in EM3D using screenshots (Fig. 3-7, first row). For each docked vesicle, the total
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contact area was calculated and superimposed onto the PM rendering (Fig. 3-7, second row).
The contact area estimated by this process appears to be jagged, inconsistent with the smooth,
elliptical nature of synaptic vesicles. This jagged appearance is most likely an artifact of
incomplete staining in individual virtual slices (see discussion). To correct for this, a spline
fitting was applied using a custom macro in Mathematica to provide a better estimate of the true
VM-PM contact area. The spline fitting for each docked vesicle was then superimposed onto a
capture of the presynaptic membrane rendering at the site of contact (Fig. 3-7, third row). The
corresponding contact area from Mathematica was recorded for each vesicle (Fig. 3-7, fourth

row).

Figure 3-7. VM-PM Contact Area for Three Docked Vesicles

First Row: 3D renderings of docked vesicles. Second Row: Contact areas
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constructed from contact length measurements in individual virtual slices
superimposed onto 3D PM renderings. Third Row: Contact areas smoothed by
spline fittings superimposed onto 3D PM renderings. Fourth Row: Contact area
calculated from spline fittings, from left to right, are 286 nm?, 213 nm?, and 151
nm?, respectively.

Importantly, the VM-PM contact areas calculated from active zones at the Drosophila
neuromuscular junctions, to-date, fall within the range of values seen at the frog neuromuscular
junction (Jung et al., 2016). Contact area measurements have been used as a correlate to the
degree of priming of synaptic vesicles (Jung et al., 2016). In the frog studies, Jung et al. (2016)
found that the VM-PM contact areas for docked vesicles had a normal distribution and the
vesicles with the largest VM-PM contact area disappeared upon stimulation. Their studies
indicated that the extent of contact area correlated to the degree of vesicle priming, with small
areas of contact representing minimal vesicle priming (i.e., vesicles unlikely to fuse upon Ca2+
influx) and large areas of contact representing maximal priming (i.e., vesicles most likely to
fuse). Should further analysis for VM-PM contact areas in Drosophila replicate this finding in
the frog, we would be able to use the morphological measure of contact area, described here, to
directly test putative priming mutants in Drosophila, using electron tomography.

These preliminary results demonstrate that this method of electron tomography in
Drosophila:

1. Provides a way to unequivocally identify which vesicles are in direct contact with

the presynaptic membrane and therefore are docked;
2. Makes it possible to obtain morphological measurements of membrane thickness

at VM-PM contact sites to directly test for existence of hemi-fusion of membranes

at rest and during activity; and,
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3. Allows for the quantitative measurement of the VM-PM contact area of docked
vesicles to be used as a correlate of synaptic vesicle priming (varying
measurements smaller to larger areas) should a normal distribution, as seen in
frog, be found (~75 VM-PM areas per genotype needed).
Discussion
In this protocol, we present methods to achieve 2-3 nm spatial resolution at Drosophila
melanogaster neuromuscular junctions. In addition to the materials and methods (above), it is
important to address some aspects of the protocol where special attention should be paid.
First careful attention should be paid during sample preparation and tilt-series acquisition
surrounding the following topics:
1. Osmolarity of fixative and stain — the osmolarity of buffers, fixatives and stain
should match the physiologic osmolarity of Drosophila hemolymph (342-364
mOsms on average; Begg and Cruickshank, 1963; Albers, et al., 2004;
Stewart et al., 1994). If the osmolarity of working solutions is outside of the
physiologic osmolarity of Drosophila hemolymph, the tissue can shrink or
expand during fixing/staining which could impact the physical organization of
structures within the tissue. For example, hyperosmotic solutions commonly
used during chemical fixation result in the collapse of the T-bar onto the
plasma membrane (Fouquet et al., 2009), whereas iso-osmotic fixation
(Koenig and Ikeda, 1999) preserves the slight gap seen between these
structures when prepared by quick-freeze/freeze substitution (Rostaing et al.,
2006; Gray et al., 2006; Siksou et al., 2007; Fouquet et al., 2009).

2. Sectioning resin embedded tissue — section thickness must be carefully chosen
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to maximize the availability of ROIs within the tilt-series. We chose to work
with 70 nm “thin sections” because they appeared to have consistent contrast
of staining when visualized by electron microscopy. In 70 nm sections, there
was less obstruction by objects within the tissue section than there would be in
thicker sections, which improved visualization of thin, filaments closest to the
membrane and vesicle. Most importantly for priming studies, 70 nm sections
were thick enough to contain many docked vesicles in which the entire area of
contact could be visualized, although area of contact was cut off by the edge
of the dataset/plastic section for some. Plastic sections that were 300 nm thick,
contained more vesicles which was useful for looking at the contact area of
docked vesicles. However, in 300 nm plastic sections, active zones were also
obstructed by vesicles and electron dense material within the z plane. This
obstruction complicated the visualization of active zones in the microscope
prior to data-acquisition, hindered resolution in the z plane of tomograms, and
introduced “shadow” artifacts within the tomograms.

Post-stain — Post-stain solutions should be applied in a timely fashion to
maximize contrast and minimize artifacts from staining (such as lead
precipitates).

Gold Colloid — should be applied to the same side of the grid as the plastic
section. Careful attention should be paid to get an even distribution of gold
colloid over the grid (see Fig 3-8, middle panel, for example of even gold
distribution). Colloid solution should be shaken to break apart any

accumulation of gold fiducials within the solution. If gold fiducials were too
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sparse over the ROI, obtaining a tilt-series alignment with a low alignment
error proved difficult or impossible (see Fig 3-8, left panel, for example of
very little gold distribution). Conversely, if fiducials were too dense or
aggregated over the ROI, they obstructed the visualization of structures, and
could accumulate too much energy from the electron beam and damage the
plastic section during imaging.

The electron dosage — the electron beam is powerful and as exposure to the
beam increases, the plastic section shrinks. The use of a cryo-stage holder that
is cooled to liquid nitrogen temperatures is essential to help minimize
shrinkage of the plastic section from electron beam exposure. Additionally,
the electron dosage should be monitored during tilt-series acquisition to
maximize contrast and minimize noise, without exceeding 100 e-/tilt image or
compromising the integrity of the plastic section. If the electron dosage is too
high, the heavy metal staining can sublime and redeposit within the section,
creating an artifact which presents as a “clumpy” appearance to the stain (see
Fig 3-9 Left and Middle panels, for examples of artifact). Note that a higher
electron dosage, and the “clumpy” appearance of stain due to sublimation,
increase the contrast within the micrographs/tomogram (compare Fig 3-9 Left
and Middle panels to the Right panel). However, this increase in contrast is at
the expense of the resolution of ultrafine structures such as those at the
interface of the vesicle and plasma membrane.

Beam-Blanking — a beam blanking step is required to allow time for the

charge from the electron beam, within the section, to dissipate, thus reducing
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the appearance of drift during image capture (see Fig 3-8, right panel, for an
example of drift due to not beam blanking). When describing the appearance

of drift to others, I have compared it to a mirage on a hot summers’ day which

gives objects the illusion of movement.

Figure 3-8. Electron micrographs at Drosophila NMJ Active Zones

Left Panel: An example electron micrograph of a 300 nm thin plastic section,
taken at 29k magnification, with very little gold colloid. Pixel size = 0.619 nm.
Middle Panel: An example electron micrograph of a 70 nm thin section, taken at
50k magnification, with good colloid distribution. Pixel size = 0.365 nm. Right
Panel: An example electron micrograph of a 70 nm thin section, taken at 50k
magnification, with the appearance of drift from not beam blanking. T-Bars
indicated by red arrows. Pixel size = 0.365 nm.

Figure 3-9. Virtual Slices of Electron Tomograms at Drosophila NMJ Active
Zones

Example tomographic virtual slices with decreasing stain sublimation from left to
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right. Left Panel: An example virtual slice, representing 0.619 nm of the volume

thickness, contains a T-Bar and has clear “clumpy” stain pattern from

sublimation. Middle Panel: An example virtual slice, representing 0.619 nm of the

volume thickness, contains a T-Bar and has slight “clumpy” stain pattern from

sublimation. Right Panel: An example virtual slice, representing 0.167 nm of the

volume thickness, contains a T-Bar and does not exhibit any sublimation of stain.

T-Bars indicated by red arrows.

Secondly, careful attention should be paid before, and during, use of EM3D. The EM3D
software was specifically designed to analyze the macromolecular architecture at an NMJ and is
the only program to date with the capability to segment based on adjusting greyscale (see below).
However, there are some caveats to its use. For instance, EM3D has difficulty processing images
that are larger than 2k x 2k for alignment and reconstruction. Thus, if projection images within
the tilt-series are larger than 2k x 2k, they need to be decimated. There is an option within EM3D
to decimate images upon import, but this poses another issue because with decimation, resolution
decreases. For example, if you have images that are 4k x 4k with a pixel size of 0.3 nm, and you
decimate the tilt series upon import into EM3D, the image resolution will decrease to 2k x 2k
with a pixel size of 0.6 nm. To add to its limitations, data exported from EM3D is restricted to a
Persistence of Vision Raytracer (.pov) file which is not a widely used (i.e., widely accessible)
file format. Lastly, EM3D was only funded from 2003-2007, and Dr. McMahan, whose lab

developed and maintained the software, recently retired, so software updates are few and far

between (as of October 2023, em3d was last modified on 3/1/2022; http://em3d.org/about.html).

Despite EM3D’s limitations, it is still the most useful software currently available to assess
ultrastructure within the electron tomograms, as discussed below.
While troubleshooting some of the issues mentioned above, I trialed Etomo, a

tomographic program in the IMOD software package (https://bio3d.colorado.edu/imod/). Using

IMOD and Etomo, I was able to reconstruct tomograms containing sparse, or no fiducials, over
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the ROI — something that was not possible using EM3D. However, unlike EM3D, the
segmentation tools in Etomo do not base their segmentation of objects on grayscale. Instead,
objects are segmented using anchor points and a solid search area around the anchor point.
Staining techniques are not perfect and irregularities within heavy metal staining can commonly
cause artifacts that appear as “gaps” or “holes” within an object’s staining (see Fig 3-10A,
yellow arrows for variations in dark staining). To maintain objectivity during segmentation and
analysis, it is crucial that an object’s segmentation closely matches its staining, and holes within
the staining are not included in the object’s segmentation (see Fig 3-10B, red arrows, for
segmentation that closely outlines staining above the noise threshold). Segmentation within
EM3D relies on setting minimum and maximum greyscale, within an adjustable search area, for
each object. This feature is extremely advantageous when objects are not clearly defined by
consistent, heavy metal staining. Thus, the EM3D user is able to accurately control segmentation

to best match the staining as it appears, which is indispensable for maintaining objectivity.

Figure 3-10. Example Tomographic Measurements

(A.) A single 0.54 nm virtual slice showing electron dense staining of a docked
vesicle and the presynaptic plasma membrane. Staining irregularities resulting in
“gaps” or holes” can be visualized (yellow arrows). (B.) Segmentations from this
slice are shown outlining electron dense staining for the vesicle (green) and
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plasma membrane (blue). Segmentations closely match the object’s visible
staining and exclude “gaps” or “holes” indistinguishable from noise (red arrows).

Lastly, when analyzing object segmentations and renderings for measurements a couple
of things should be kept in mind. When successfully segmented, gaps in an object’s staining
result in the appearance “holes” within the object’s 3D rendering (see Fig 3-5C and Fig 3-7 top
row, for renderings of vesicles and membranes with “holes”). Holes in membranes of vesicles
and the plasma membrane are not biologically possible and therefore such holes must be
artifacts. Conversely, for filaments and undefined structures, gaps in staining/renderings could be
biologically relevant and therefore not staining artifacts. Additionally, measurements taken on
virtual slices only represent 0.54 nm of tissue, however the spatial resolution is 2-3 nm, thus
measurements are taken below the spatial resolution of the tomogram (see Fig 3-5B for
measurement examples on one virtual slice). To account for this, we averaged membrane
thickness measurements on virtual slices that were 2-3 nm apart in the Z plane.

To account for any artifacts in the VM-PM contact area, caused by staining irregularities
in measurements of contact length that were taken on individual virtual slices, we applied a
spline fitting to the measurements (see Fig 3-7 second and third row for artifacts from
measurements on virtual slices, and spline fittings, respectively). The spline fitting macro that we
used in Mathematica smoothed the contact area lengths from each slice into a best-fit elliptical
that is more physiologically relevant to vesicles (see Supplemental-3).

Conclusion

To our knowledge, the methods and data presented here are the first to achieve
measurements at 2-3 nm resolution (Jiao et al., 2010; Leitinger et al., 2012; Zhan et al., 2016;
Bruckner et al., 2017) at a Drosophila active zone. By applying this ultra-high level resolution

tomography to Drosophila synapses, studies that implement this protocol would permit the
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structural measurements necessary for the first direct test of molecules hypothesized to enhance
vesicle priming. In addition, since Drosophila are amenable to transgenic tagging, segmenting
the structures of the AZM as well as structures connecting docked vesicles to the presynaptic
membrane and T-bars, at 2-3 nm resolution, has the potential to open a whole new field of
structural identification of the synaptic molecules critical for intercellular communication in the
nervous system. For example, the v-SNAREs and t-SNARESs postulated to mediate vesicle fusion
events (Weber et al., 1998; Szule and Coorssen, 2003; Imig et al., 2014; Sudhof, 2014; Sauvola
and Littleton, 2021) must be located in structures connecting the vesicle to the presynaptic
membrane, yet this has never been shown (Szule et al., 2021; Kusick et al., 2023). Expanding our
knowledge of the structure of active zones in Drosophila will allow us to capitalize on the
powerful capabilities of Drosophila genetics to discover functional relationships of the AZM
macromolecules at the NMJ. It will also provide insight into the physiological roles of
homologous human active zone proteins. The potential avenues for understanding the functional
intricacies of the NMJ would be limited only by the human imagination.
Supporting Information

- Supplemental File 1 — Protocol containing sample preparation, fixation, sectioning,

and post-staining protocols.

- Supplemental File 2 — Macros used in FIJI and Microsoft Excel.

- Supplemental File 3 — Spline fitting macro for Mathematica.

- Supplemental File 4 — Electron Tomograms of Drosophila NMJ Active zones

accessible through the open data publishing platform, Dryad.
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CHAPTER 4: DISCUSSION

Many examples within the nervous system highlight the correlation between structure
and function. The canonical structure of a neuron supports its function to transmit electrical and
chemical information. A chemical synapse’s structure allows for the fast, efficient signaling by a
neurotransmitter to a post-synaptic cell. The specific lipid and macromolecular composition of
synaptic vesicles enables them to dock, and subsequently fuse, with a presynaptic membrane.
The overarching goal of my graduate research has been to help unravel the molecular
mechanisms of neurotransmitter release by relating structure and function. I accomplished this
goal by investigating a functional mutation of the C2B polylysine motif in synaptotagmin
(Chapter 2) and by pioneering 2-3 nm resolution tomography in the genetic model, Drosophila
melanogaster (Chapter 3). Together, my graduate work will permit the structural measurements
necessary for the first direct, test of a molecular motif hypothesized to enhance morphological
vesicle priming.

In this final chapter, I will discuss my findings, methodology and future directions with
emphasis on the investigative power of electron tomography in Drosophila. In sum, the spatial
dynamics of vesicle docking and priming, and the structure of active zones in Drosophila will
allow us to capitalize on the powerful capabilities of fly genetics in order to elucidate functional
relationships between individual proteins within the AZM macromolecular complexes. It will
also provide insight to the physiology of human NMJs through protein homologs.

C,B Polylysine Motif’s Postulated Role in Synaptic Vesicle Priming
Previous research in Dr. Noreen Reist’s lab demonstrated that a mutation in

synaptotagmin, of the C2B polylysine motif, results in decreased transmitter release (Mackler et
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al., 2001). The decrease in evoked neurotransmitter release could be due to a deficit in any step
of the synaptic vesicle cycle. However, findings from Loewen, Lee et al., (2006) suggest that the
polylysine motif is implicated in a Ca**-independent step of the vesicle cycle: endocytosis,
docking and/or priming. A pull-down assay in Chapter 2 demonstrates that the polylysine mutant
does not affect synaptotagmin’s C2B-mediated interaction with the clathrin adapter protein AP-2,
which is inconsistent with a role in endocytosis. Further, Loewen, Lee et al., (2006) found no
change in the rate of membrane retrieval in the mutant effectively ruling out a role in
endocytosis.

Using standard electron microscopy, I have shown that the number of docked synaptic
vesicles is not changed in the polylysine mutant, effectively excluding a deficit in synaptic
vesicle docking (Chapter 2). Thus, our current hypothesis is that the C2B polylysine motif of
synaptotagmin enhances synaptic vesicle priming.

Synaptotagmin’s documented interactions with inositol phosphates pose a likely
mechanism for synaptotagmin’s role in priming (Bai et al., 2004; Li et al., 2006, Osborne et al.,
2007, Voleti et al., 2017; Wang et al., 2017, Zhu et al., 2022; Mizutani et al., 1997; Rickman et
al., 1994). Specifically, the C2B polylysine motif has been documented to (a) mediate the
interaction between sytnaptotagmin and PIP2, proposed to facilitate the close apposition of
vesicle and target membranes (Bai et al., 2004); and (b) mediate synaptotagmin’s interaction
with syntaxin/SNAP-25 complex proposed to facilitate priming (Rickman et al., 2004). Future
studies will aim to elucidate the polylysine motif’s role in vesicle priming and how this relates to
the functional interactions of synaptotagmin.

Defining Synaptic Vesicle Docking and Priming

Ideally, any future studies investigating morphological docking and priming would

70



consider the limitations of standard electron microscopy and account for the physical relationship
between vesicles and the presynaptic membrane. When using electron microscopy to assess
whether a synaptic vesicle is docked, multiple things should be considered:
1. What is the plastic section thickness?
2. What is the average vesicle diameter?
3. Are the electron-dense AZM projections visible?
4. Is the vesicle visibly connected to the AZM?
5. If the AZM is visible, is the structure known? — Is the entirety of the AZM
captured?
6. Is there a discernable gap between the vesicle and the membrane?
7. If there is a discernable gap, is there a visible filament below the vesicle,
tethering the vesicle to the plasma membrane?
8. How far away from the AZM, laterally, is a vesicle considered docked?
Taking these points into considerations, and addressing them, when investigating morphological
docking could clarify confusions around the spatial variability between vesicles and their
associated membrane and therefore would aid in the determination vesicle docking.

Using the enhanced spatial resolution of electron tomography, work in Dr. U.J.
McMahan’s lab has developed a technique to measure vesicle priming at the frog NMJ (Jung et
al., 2016). By measuring the contact area between the vesicle membrane and presynaptic
membrane (VM-PM contact area) of docked vesicles, they have shown that this area of contact
has a normal distribution (see Fig. 4-1 at rest). Importantly, the vesicles with the largest VM-PM
contact area disappear upon stimulation shifting the entire histogram to smaller VM-PM contact

areas (see Fig. 4-1 during stimulation). Thus, their data indicates that priming of docked vesicles
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is in a state of dynamic equilibrium that can be measured by the VM-PM contact area: the
higher the VM-PM contact area, the more “primed” (or likely to fuse upon a Ca?* signal) the
vesicle (Jung et al., 2016). Their work was the first, with a sufficient level of spatial resolution (2
nm), to allow this discovery that vesicle priming is dynamic and in equilibrium.

As part of my graduate research, I spent the Spring semester of 2018 as a visiting scholar
in Dr. McMahan’s lab at Texas A&M. While there, I learned how to do electron tomography in
Drosophila with the level of resolution that the McMahan lab has previously demonstrated in
frog. I also learned how to objectively segment structures using their EM3D software (as
presented in Chapter 3). After returning to Colorado State University, I learned that there was
only one electron microscope in all of Northern Colorado capable of the high degree of tilt with a
cryo-specimen holder. So, I established a collaboration with the Electron Microscopy facility at
the University of Colorado, Boulder. Using tomograms of Drosophila active zones, collected at
the University of Colorado, I have since demonstrated the feasibility of assessing morphological
vesicle docking and priming at Drosophila active zones. Now, sufficient numbers of
tomographic datasets are required [estimated at ~30 per genotype based on the studies in frog
(Jung et al., 2016] to construct VM-PM contact area histograms for docked vesicles in C2B
polylysine mutants and controls (see Aim 1 below).

Aim 1: The C2B Polylysine Motif of Synaptotagmin Promotes Maximal Priming of Docked
Synaptic Vesicles

Using the methodology, outlined in Chapter 3, the hypothesis that the C2B polylysine
motif within synaptotagmin enhances synaptic vesicle priming. To directly test this hypothesis,
the VM-PM contact areas, of docked synaptic vesicles, could be measured at the larval NMJ in
controls and in C2B mutants to create distribution histograms (see Fig. 4-1). Based on the studies

in frog (Jung et al., 2016), analysis of the VM-PM contact area for ~75 docked vesicles per
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genotype would be required to accurately compare their frequency histograms. Based on
preliminary observations in Drosophila,2-5 docked synaptic vesicles could be visualized per
tomographic dataset, or 60—150 docked vesicles total per genotype. Thus, the estimated number
of tomographic datasets needed to create distribution histograms is approximately 30 (24-36)
tomographic datasets per genotype.
Potential Results and Interpretations

(A) If the histograms of VM-PM contact area are the same in the mutants and the
controls, this would indicate that the C2B polylysine motif does not enhance the priming of
docked synaptic vesicles, refuting the hypothesis. In this case, the decrease in transmitter release
seen in the mutants must result from another, as yet unknown, variable. (B) If the population of
largest contact area docked vesicles seen in the control VM-PM contact area histogram is
missing from the histogram of the mutants, this would support the hypothesis that the C2B
polylysine motif plays a crucial role in promoting maximal vesicle priming. (C) If the overall
histogram for the mutants is significantly shifted toward smaller VM-PM contact areas, this
would also indicate a role in promoting priming. (D) If the histograms exhibit some other
significant difference, this could suggest that role of the C2B polylysine motif is more complex
than simply promoting maximal priming. However, further interpretations would require
knowledge of the specific differences.
Potential Pitfalls

(A) If a difference in priming exists between mutants and controls, but is relatively small,
or if I cannot segment as many docked vesicles as predicted, I may see a trend toward smaller
contact areas in the mutants that fails to reach significance. In that case, a more extensive study

would be warranted. We could also use a statistical bootstrap test as a way to estimate summary
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statistics of the data. (B) The VM-PM contact area histogram for Drosophila might not show a
normal distribution like frog. In this case, one would need to see the specific shape of the
distribution before they could interpret this result. However, this is unlikely as all of the key
synaptic proteins as well as the identified functions of synaptotagmin are highly conserved from
Drosophila through mammals (Matthew et al., 1981; Sudhof et al., 1989; Perin et al., 1991); all
of the functions of synaptotagmin identified first in Drosophila have later been shown to be

conserved in mice or rats (Geppert et al., 1994; Lloyd et al., 2000).
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Figure 4-1: Correlation Between VM-PM Contact Area and Extent of Vesicle
Priming

Top: Examples of VM-PM contact areas overlaid on plasma membrane

renderings. Bottom: VM-PM contact area at rest has a normal frequency

distribution that is shifted to smaller contact areas by stimulation, and the

resulting fusion of maximally-primed vesicles (Fig. adapted from reference Jung

etal., 2016).
Aim 2: Determine the ultrastructure of Active Zone Material in Drosophila using High-
Resolution Electron Tomography

As physical interactions among AZM proteins are known to be required for

neurotransmitter release, determining the distribution of proteins and protein-protein appositions

within the AZM is needed to decipher the molecular mechanisms of vesicle fusion. The
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McMahan lab has generated 3D renderings in frog, showing the structure of the AZM at 2 nm
resolution (see Fig. 4-2A). However, frogs are not amenable for genetic tagging, so protein
identification has not been possible. While the McMahan group has generated partial AZM
renderings in mouse (structures analogous to those in yellow and brown only in Fig. 4-4A), the
entire AZM has not been segmented and transgenic mouse studies are expensive. Drosophila, on
the other hand, is a genetic system that is cheap and rapid. Further, I have just established the
ultra high-resolution electron (2-3 nm) tomography of the Drosophila AZM that would be
required for these studies. Currently, a clear 3D reconstruction of the AZM (compare Fig. 4-4B
to 4-4A) has not been accomplished. However, tomograms I’ve already collected at Drosophila
active zones, using methodology presented in Chapter 3, and tomograms from controls (as part
of Aim 1), could be used to start defining common AZM structures of Drosophila. My graduate
work enables the investigation of AZM structure, at a level of resolution previously unavailable
in Drosophila, thereby paving the way for an ultra-high resolution characterization of AZM

ultrastructure, and identification of individual proteins.

Figure 4-2. Schematic 3D Reconstructions of the AZM at the Frog and Fly NMJs
by Electron Tomography

(A.) Frog: vesicles (blue spheres) and AZM (yellow, brown, white, green, red,
and purple structures) have a well-characterized arrangement. (B.) Drosophila:
vesicles (gray and gold spheres) are shown surrounding a convoluted AZM (light
blue). As tomography in Drosophila is not yet as advanced as in frog, the
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organization of macromolecules composing the AZM remains unknown. Adapted
from Szule et al. (2012) and Bruckner et al. (2017), respectively.

Potential Results and Interpretations

As the molecules that dock, prime, and fuse vesicles are conserved in Drosophila through
mammals, I anticipate that the synaptic ultra-structure of components connecting vesicles to the
plasma membrane will have similarities to that in frog (as already seen in mouse; Nagwaney et
al., 2009). In addition, since standard EM already reveals significant differences in the overall
AZM structure across these species, I would expect to find novel structures as well.
Preliminary Results

As discussed in Chapter 1, active zones can almost universally be identified by their three
distinct features: (1) the aggregation of electron dense material at the presynaptic membrane; (2)
a tight cluster of synaptic vesicles; and (3) the presence of intramembranous particles.
Interestingly enough, I have consistently observed intramembranous particles and electron dense

filaments connecting the vesicle to the plasma membrane in high-resolution tomograms I

collected at Drosophila active zones (see Fig 4-3).

Figure 4-3. Virtual slices with superimposed segmentations, of vesicle and
plasma membranes, from high-resolution electron tomograms, at Drosophila
Active zones.

Virtual slices, representing 0.54 nm thickness of the tomogram, are shown for
three docked vesicles with the vesicle and plasma membrane segmentations
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super-imposed. Vesicles (green, and purple, elliptical structures) can be seen in

contact with the plasma membrane (purple, and salmon, planar structures).

Electron-dense filaments can be seen connecting the vesicle and associated

plasma membrane (yellow arrows). Electron-dense structures, consistent with

intramembranous particles, can be seen between the vesicle and plasma

membrane, at the area of contact (red arrows).

Similar intramembranous particles have been previously observed, by electron
microscopy and freeze fracture, adjacent to docked synaptic vesicles (Nagwaney et al., 2009;
Harlow et al., 2013; Cole et al., 2016) under docked synaptic vesicles (Cole et al., 2016; Li et al.,
2019; Radhakrishan et al., 2021), and near, or under presynaptic densities (Feeney et al., 1998;
Rostaing et al., 2006; Jiao et al., 2012; Zhan et al., 2016; Bruckner et al., 2017; Fouquet et al.,
2009). In most instances, the intramembranous particles observed by electron
microscopy/tomography and freeze-fracture are thought to include calcium channels (Heuser et
al., 1979; Feeney et al., 1998; Atwood and Karanuthi, 2002; Fouquet et al., 2009; Slater, 2015;
Szule, 2021). However, they are also hypothesized to comprise part of the SNARE complex
(Slater, 2015; Cole et al., 2016; Li et al., 2019; Szule, 2021; Radhakris et al., 2021).

Similar to the filaments I have observed (Fig 4-3B, yellow arrows), other labs have
documented the presence of electron dense filaments that connect vesicles to the plasma
membrane (Nagwaney et al., 2009; Harlow et al., 2013; Cole et al., 2016; Jiao et al., 2012; Zhan
et al., 2016; Bruckner et al., 2017). The electron dense filaments are hypothesized to be
comprised of SNARE complex proteins; scaffolding and/or tethering proteins, Depending on
both the vesicle’s and filament’s positioning in reference to the plasma membrane (Fernandez-
Busnadiego et al., 2013; Imig et al., 2014; Helmprobst et al., 2015; Zhan et al., 2016; Bruckner et
al., 2017; Chakrabarti et al., 2019; Szule, 2021).

It is important to note that some argue that only high-pressure freeze and freeze-

substitution (HFP/FS) methods should be used to visualize vesicle docking and electron dense
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structures using electron microscopy (Smith and Reese, 1980; Landis et al., 1988; Fouquet et al.
2009; Rostaing et al., 2006; Helmprobst et al., 2015). However, Jung et al., 2016, compared
chemical fixation and HPF/FS techniques and confirmed there was no difference in the
appearance or sizes of active zone material. Additionally, I have noted the presence of IMPs,
under the T-bar pedestal, in my own preliminary electron tomograms from Drosophila 1.3 larvae
that were chemically fixed and stained. It is important to note that, during sample preparation, I
paid careful attention to the osmolarity of chemical fixatives, so that they remained in the
physiological range of Drosophila hemolymph (as discussed in Chapter 3). As a confirmation
that my chemical fixation protocol does not cause a collapse of the T-bar onto the presynaptic
membrane, as reported for chemical fixation by Fouquet et al. 2009, the slight gap between the
T-bar and presynaptic membrane is preserved in my preparations — as also seen by Koenig and
Ikeda, 1999.
Potential Pitfalls

Structural irregularities: Since electron tomographic analysis depends on the averaging of

repeating structural components oriented to the same cardinal plane (Harlow et al., 2001;

Nagwaney et al., 2009; Szule et al., 2012; Harlow et al., 2013), if the organization of Drosophila
AZM is not as stereotypically regular as that of frog, our analysis could become more
complicated. However, we know from standard EM that there is a repeating structure, the T-bar.
So, some regularities exist. If the degree of regularity is less, one would need to increase the
number of tomograms collected to get a more reliable averaging of structures. Regardless, any
advances in describing the AZM ultrastructure of Drosophila at 2 nm resolution will open the
door for genetic tagging studies to precisely localize molecular components required for synaptic

transmission which is impossible in frog and costly in mouse. However, it is important to note
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that most immuno-labeling techniques are not practical for use in identifying AZM structures
due to their small size (10’s of nanometers). The use of antibodies (~150 kDa) would introduce a
gap between the antigen and tag that is larger than the structures needed to be identified. Genetic
tagging techniques, such as miniSOG provide a promising, versatile, label for protein
localization using electron microscopy/tomography.
Conclusion

To my knowledge, the data I have already collected and analyzed, during my graduate
work, are the first example tomographic datasets with 2-3 nm spatial resolution at a Drosophila
active zone. By extending the McMahan lab’s ultra high-resolution tomography to Drosophila
synapses, the methods presented in Chapter 3 would permit the structural measurements
necessary for the first direct test of a molecular motif hypothesized to enhance vesicle priming,
as presented in Chapter 2. In addition, since Drosophila are amenable to transgenic tagging,
segmenting the structures connecting docked vesicles, presynaptic membrane, and T-bars, within
high-resolution tomograms, has the potential to open a whole new field of structural
identification of synaptic molecules critical for intercellular communication in the nervous

system.
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APPENDIX A: SUPPLEMENTAL-1

PREPARATION OF DROSOPHILA L3 LARVAE FOR ELECTRON MICROSCOPY

Overview

The use of electron microscopy tomography and the model system Drosophila melanogaster
represents a combination of tools with the potential to open a whole new field of structural
identification of macromolecular structures critical for intercellular communication. Herein, we
provide a suitable protocol for Drosophila melanogaster larval sample preparation for imaging
neuromuscular junctions using electron microscopy tomography.

Materials and Methods
Lab Safety and MSDS

All fixation, dehydration, and embedding steps within this protocol should be performed in a
fume hood wearing appropriate personal protective equipment (PPE). Chemicals used within this
protocol are dangerous. In addition to a chemical fume hood, steps of this protocol require a
chemical refrigerator (4 °C) and oven (60 °C). The Material Safety and Data Sheet (MSDS) for
each chemical should be read prior to use.

Recipes

HL3 (Ca**Free):
SmM KClI, 70mM NacCl, 20mM MgCl,, 10mM NaHCO;, 5SmM HEPES acid (dry), 115
mM Sucrose, SmM Trehalose — add to nanopure and adjust pH to 7.2 as needed.

Making PEI Coated Grids

PEI support films are stronger and exhibit less beam damage from the electron microscope than
traditional Formvar grids. They also don not wrinkle as much when exposed to water. Best of all,
prepared films can be stripped off of glass slides up to several weeks after casting, unlike
Formvar films that stick irreversibly after a couple of days.

1. Make a PEI solution with a concentration of 0.28% (w/w) polyetherimide (PEI) in
approximately 500ml ethylene dichloride (1,2-dichloroethane).

Note: Let the solution stand for at least 24 hours to dissolve — the longer the solution sits,
the better the results. “Fresh” PEI solution still contains long strands of undissolved

polymer which do not form consistent thin films; overnight is adequate.

2. Plug the internal bottom of the syringe with a small piece of Kimwipe and then fill
syringe with molecular sieve to about the 45ml level. Assemble a 60ml straight tip
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10.

syringe onto a 47mm Swinnex filter holder containing a 0.22 micron Millipore type
GS filter.

Using a stand, place the assembly above a Coplin Slide Staining Jar and pour the
PEl/ethylene dichloride solution into the syringe, allowing the solution to pass through
the molecular sieve, through the Swinnex 0.22-micron filter and into the Coplin Jar to a
level just above the slide ridges within the jar.

Note: The kimwipe collects any dust particulates from the solution. The molecular sieve
removes any residual water in the ethylene dichloride solution, and the Millipore filter
removes any dust from the molecular sieve. The filter may clog depending on how much
of the solution you filter through it. If you notice the solution if no longer filtering, you
may have to change Millipore filter.

Cap the Coplin Jar containing the filtered PEI solution and place inside a cabinet style
desiccator containing fresh desiccant to remove any residual atmospheric moisture.

. With a kimwipe, wipe clean five [5] Gold Seal 3010 microscope slides (only) and place

them in a slide grip.
Note: Wiping microscope slides helps remove oil residue from glass slides.

Within the desiccator, dip the slides in the Coplin Jar containing the PEI solution so that
solution covers about two-thirds [2/3] of the slides.

Remove slides slowly from the Coplin Jar to get an even coat of PEI. Place the whole
ends of all five slides on a stack of 4 or 5 large filter papers within the desiccator. This
wicks away excess solution and creates a more even film thickness throughout the slide
length.

. Let the slides dry in a desiccator overnight.

Note: This is critical because if the PEI film is stripped off of the slides too soon,
pinholes will form on the still-wet films.

Fill a 50 slide Thomas Staining Dish (or similar) with nanopure water to use for the
following steps.

When the PEI films are dry, score three edges (one end and two longer sides) of the
microscope slide with the edge of a razor blade.

Note: This breaks the continuous PEI film from the edges so it can be stripped off of the
microscope slide.
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11. Place the microscope slide at about a 30° angle toward a water surface of the Thomas
Staining Dish and slowly start submerging the slide while trying to maintain a 30° angle.
The film should float from the microscope slide onto the water surface.

12. When the film floats free off the microscope slide, set the slide aside by placing on end.

Note: Remember which side of the microscope slide has the remaining film. This is
critical as you will use the remaining film from the other side of the microscope slide to

later pick up the film which is now floating.

13. On the floating film, gently place suitable slot grids shiny side down (or notch side up) in
a rectangular pattern on the film (4 by 8 grids is usually about right). The thicker, I mm x
2 mm slot grids are ideal. For example, EM Sciences Synaptek 2 mm x1 mm notch grids.

Note: Due to light refracting off of the surface of the water and the PEI film, you’ll be
able to see the imperfections of the film while it’s floating. Be cautious to avoid the
imperfections as well as edges that are often distorted or thicker.

14. When the floating film is filled with grids, pick up the film and grids with the microscope
slide that you set aside in Step 12 above. With the side of the microscope slide with the
PEI coat still intact, touch the edge of the floating film containing the grids at about a 30°
angle and push the microscope slide into the water, allowing the film containing grids to
stick to the slide.

Note: Submerge microscope slide quickly to prevent film from wrinkling and grids from
accidentally covering each other.

15. Remove the slide from the water and let the microscope slide now containing the PEI
coated grids dry, on fresh filter paper, for about 1 hr. Place the slides in another Coplin

Jar or face up in a glass petri dish for storage.

Note: For best film adhesion, put the microscope slide containing grids in the oven for
several hours or overnight at 60—70 °C.

16. The PEI coated grids are easily removed from the glass microscope slide just by pushing
on them slightly with the point of forceps. This slight pressure will break the film along
the outer edges of the grid and free the grid from the slide.

Note: Move the grid to the edge of the slide to make it easier to grasp the grid with your
forceps.

Larvae Dissection and Fixation

1. Inice-cold, Ca?*-free HL3 saline (Stewart et al., 1994) dissect open an L3 larva so that
neuromuscular junctions and CNS are well exposed.
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2. Immediately after the larva is dissected, draw off the HL3 and pipet ice-cold primary
fixative onto the larval fillet. Fix for 60 min at room temperature (RT) in a humidity
chamber. Work the fixative in when initially applied, and twice more over the hour of
fixation. Primary fixative: 2.5% glutaraldehyde + 1% acrolein in 0.1M sodium
cacodylate buffer (pH 7.2).

Notes:

e A “humidity chamber” is an air-tight container with moist kimwipes on the bottom.
This set-up helps prevent the fixatives and sample from drying out in dry climates.

e To work in fixative, gently puff the primary fix directly onto the sample using a fine
pipet tip. Take care to avoid creating bubbles.

3. After 1 hr of fixation, remove primary fixative, and flood the dish with Ca?*-free HL3.

Note: If dissecting more than one larva, leave the larvae, post-fixative, in Ca*-free HL3
until all have been dissected and fixed.

4. Wash larva two additional times, in Ca?*-free HL.3 for 10 min each wash.

5. Immediately after washing, draw off the HL3, and pipet secondary fixative onto the
larval fillet. Fix for 60min at RT in a humidity chamber. Work the fixative in when
initially applied, and twice more over the hour of fixation. Secondary fixative: 0.5 %

0s04 + 0.8% KFeCN in 0.1 M sodium cacodylate buffer (pH 7.2).

6. Rinse three times with nanopure water, then wash twice in nanopure water for 10 min
each.

7. Immediately after washing, draw off the nanopure and incubate in 2-5% uranyl acetate
(UA) in nanopure. Incubate for 1 hr to overnight at 4 °C.

Note: If larva will be in UA overnight (or any time significantly longer than 1 hour), the
dish should be set in a humidity chamber. UA is light sensitive. Thus, the chamber should
be wrapped in foil and stored in a dark place to prevent precipitate from forming due to
UV light exposure.

8. Draw off the UA and wash three times in nanopure for 10 min each.

Sample Dehydration and Resin Infiltration
9. Remove the nanopure from the samples.
10. Dehydrate the samples in Ethanol at increasing concentrations (25%,50%,75%,

95% and 100% ) with 3 washes of each concentration. Let last wash at each
concentration stand for 3 min at room temperature.
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11. Carefully remove the samples from the dish and transfer them into individual vials
containing 100% Ethanol. Change 100% Ethanol twice, then let sit in 100% Ethanol
for 30 min at room temperature.

12. Exchange 100% Ethanol for propylene oxide (PO).

13. Use your epoxy resin of choice, we use EMbed 812 (Electron Microscopy Sciences). To
each vial, add an amount of epoxy resin approximately equal to the amount of PO
already in the vial (50:50 PO:resin). Swirl to mix, and then leave on rotator at room
temperature for at least 1 hr.

14. Remove the 50:50 PO:resin and replace with 100% resin. Leave samples on rotator
overnight at room temperature.

Resin Polymerization — Flat Embedding of Samples

15. Transfer 2-3 larva onto a glass microscope slide with frosted side down (away from
specimen and resin).

Notes: Spray non-stick coating to glass slides in advance. It is best to do this step and the
following steps on an oven safe tray or dish that is coated in non-stick spray, TFE
Release Agent Dry Lubricant (Miller-stephenson, MS-122N/C02). To help minimize
damage to the samples during transfer, place a few drops of resin on the microscope slide
first. Then transfer the larva onto the drops of resin, using forceps.

16. Place a piece of paper with identifying information for the larva on one end of the
microscope slide. Be sure not to place too close to or cover the larva.

Note: It is best to use pencil to mark the paper. If pen/marker is used, the ink could smear
within the resin.

17. Add additional resin on top of the larva to form a thin layer of resin on the microscope
slide.

18. Place a piece of ACLAR embedding film (e.g., Ted Pella, Inc.) on top of the microscope
slide containing the larva in resin.

19. Gently place a second salinized microscope slide on top of the ACLAR film to help keep
the larva flat.

20. Polymerize samples in resin overnight at 60 °C.

21. After samples are polymerized, you should be able to remove flat-embedded larva from
the microscope slide.

Ultrathin Sectioning
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22.

23.

24.

25

26

Cut the resin-embedded sample out of the flat-embedded setup and mount onto an
electron microscopy resin block using more resin.

Polymerize for at least 1 hour at 60°C.

Note: Let the sample containing block to cool before proceeding with Ultrathin
Sectioning.

Using a double edge razor blade, manually trim all four edges of the tissue block to create
a front face that is a trapezoid shape and contains your region of interest.

Note: After an initial, rough trim, we recommend using a new razor blade to make a more
precise trim. This helps prevent: 1. The tissue block from potentially popping off the
chuck, and 2. A dull razor can introduce metal shavings and unwanted scoring of the
block.

. Transfer the block containing the resin-embedded tissue into an ultramicrotome chuck

and secure in place. Trim the front face of the tissue block using a suitable diamond
knife, for example a Diatome 45 degree angle diamond knife at 6° feed (thickness at 1
um). Trim until a full, glass-like face has been obtained.

Notes: It is especially crucial to be able to see your region of interest in case additional
trimming is needed.

. Get to region of interest by the following steps:

a. Cut 500 nm to 1 ym section(s) at Imm/sec using a suitable 45° glass knife, at 4° feed,
containing a boat filled with filtered nanopure water.

b. Retrieve section(s) from edge of diamond knife by using an eyelash or dog hair
mounted onto a wooden stick.

c. Collect section(s) from water surface using a Perfect Loop.

d. Transfer section(s) onto a glass microscope slide and then place onto a hot plate to
dry.

e. After water droplet has dried and the plastic section(s) have baked onto the
microscope slide, stain section(s) with Toluidine Blue solution for 10-30 seconds on
hot plate.

Note: Toluidine Blue stains proteins and nucleic acids, which enables the
visualization of structural detail within tissue sections. You do not want Toluidine
Blue to completely dry and bake on sections but need to stain long enough to
visualize tissue. You may have to adjust staining timeframe depending on the
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27.

28.

29.

30.

temperature setting of your hot plate.

f. Remove microscope slide from hot plate and rinse excess Toluidine Blue Stain from
slide.

g. Observe sections under a light microscope and assess for region of Interest. If region
of interest has not been obtained, repeat steps 26a-g.

Once region of interest is located, cut 70nm silver-colored thin sections at Imm/sec using
an ultramicrotome using a diamond knife. Adjust the water level in the knife boat such

that the sections float away from the knife edge on the water surface.

Note: To remove any wrinkles from the sections, it is helpful to spread the plastic
sections by waving a heat pen over the boat.

Pick up sections on PEI coated slot notch grids using an eyelash or dog hair mounted
onto a wooden stick to maneuver the section into place.

Place grids in an electron microscope grid holder and set aside to dry.
Once dry, grids are ready for post-staining.

Note: Cutting speeds in this protocol may need to be adjusted depending on the model of
ultramicrotome used and the hardness of the resin polymer.

Post-staining Ultrathin Sections

The following steps are to enhance contrast of tissue within plastic embedded thin sections
through the application of heavy metals to lipids, proteins, and glycogens.

31.

32.

33.

34.

Place a sheet of parafilm on the inside of each of two clean, glass petri dish.

In one dish, add 200 g1 drops of 2% UA in CO, free nanopure to the parafilm. Add
enough drops for the number of grids you intend to post-stain.

Note: Uranyl Acetate enhances the contrast of tissue embedded in sections by interacting
with the proteins and lipid within the tissue. This helps with visualization of the tissue
under the electron microscope. UA is light sensitive. Its staining dish should be wrapped
in foil and stored in a dark place to prevent precipitate from forming due to UV light
exposure.

Stain sections by gently placing grids, section side down, onto droplets of 2% UA for 3
min.

Remove grids from UA droplets and rinse in CO, free nanopure 3 times for 90 s each.
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35.

36.

37.

38.

39.

40.

41.

Note: We used 3 separate Wheaton vials containing CO, free nanopure for each 90 s
rinse. The grids were dunked into each vial such that by breaking the surface tension of
the water any debris or precipitates would be forces off of the grid.

In the second parafilm coated petri dish, add 200 u1 drops of Lead Citrate to the
parafilm. Add enough drops for the number of grids you intend to post-stain.

Note: Lead Citrate enhances the contrast of tissue embedded in sections by interacting
with proteins and glycogens within the tissue. This helps with visualization of the tissue
under the electron microscope. Lead Citrate is also reactive to Carbon Dioxide and will
form lead carbonate precipitates if exposed to CO2. Preventative measures can be taken
by adding Sodium Hydroxide pellets to the edge of the petri dish.

Stain sections by gently placing grids, section side down, onto droplets of 2% UA for 3
min.

Remove grids from Lead Citrate droplets and rinse, as above, in CO, free nanopure 3
times for 90 s each.

5 or 10 nm gold colloid beads should then be added to the grids using the droplet method
as described in Steps 32-33 and 35-36 above.

Gently remove grids from droplets of gold colloid.
Place grids in an electron microscope grid holder and set aside to dry for a few hours.

Once dry, post-stained grids are ready for high resolution imaging using a transmission
electron microscope.

Note: to make CO, free nanopure, autoclave nanopure and close lid on container
immediately after removing from autoclave.
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APPENDIX B: SUPPLEMENTAL-2
MACROS USED IN FIJT AND MICROSOFT EXCEL

The scripts for the macros used in FIJI, to measure membrane thicknesses and synaptic
vesicle contact areas, and the macro used in Microsoft Excel to combine measurement Excel

files can be found at Zenodo using the DOI: 10.5281/zenodo.10065345
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APPENDIX C: SUPPLEMENTAL-3

SPLINE-FITTING MACRO FOR MATHEMETICA

The script for the mathematica macro to create a spline fitting for synaptic vesicle contact

areas can be found at Zenodo using the DOI: 10.5281/zenodo.10038700
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APPENDIX D: SUPPLEMENTAL-4

HIGH-RESOLUTION ELECTRON TOMOGRAMS OF ACTIVE ZONES AT DROSOPHILA
NEUROMUSCULAR JUNCTIONS

Electron Tomographic datasets collected, as described in Chapter 3, can be found at the

open data publishing platform Dryad using the DOI: 10.5061/dryad.3xsj3txns

151



