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Summary

The brain is a structure that has fascinated generations of scientists due to its complexity and its
relevance in a plethora of biological processes. It is made up of a few hundred nerve cells (so-called
neurons) in the worm C. elegans (Albertson and Thomson, 1976; White et al., 1986) and can contain
up to several hundred billions of nerve cells like in African elephants (Herculano-Houzel et al.,
2014). These highly specialized cells communicate with each other at structures termed synapses,
where signals are transferred in a highly regulated way, and a majority of synapses communicate via
chemicals called neurotransmitters (NTs). The typical chemical synapse can be subdivided into three
functionally and morphologically distinct parts: (I) the signal-emitting presynaptic part including the
active zone (AZ), where NTs are released from vesicular structures (synaptic vesicles, SVs) within the
neuron either following an electrical stimulus (leading to an action potential, AP; AP-evoked release)
or spontaneously (i.e. without a corresponding stimulus); (II) the synaptic cleft through which the
NT molecules have to diffuse in order to be sensed by (III) the postsynaptic part, which harbors
membrane receptors that specifically detect certain kinds of neurotransmitters and allow the signal to
propagate electrically or via intracellular signaling cascades. This process of neurotransmission is the
physiological basis of all behavior and movement found in animals. In the last few decades, intense
research has elucidated many details of neurotransmission and their implications for neurological
diseases. However, a considerable amount of questions is still open and unanswered. To contribute to
an answer to some of these questions, the work conducted in the framework of this cumulative thesis

comprises three interconnected subprojects.

The first subproject aimed to determine how synapses (at the neuromuscular junction formed by
nerves terminating on muscles, NMJ) in the invertebrate model organism Drosophila melanogaster
(commonly known as the fruit fly) engage isoforms of the protein Unc13 to regulate the coupling
distance between SVs and the source of calcium influx, which triggers their release. Building a partial
computational model of the synapse in conjunction with experimental data of my colleagues, I could
substantiate the claim that two Drosophila isoforms of the protein localize at different distances from
the calcium source and differentially ensure regulated release of SVs (Publication I: B6hme et al.,
Nature Neuroscience 2016). Using an experimental approach to visualize the release of single SVs at
individual synapses and correlating it with protein levels at those synapses, I further contributed to prove
that the Unc13A isoform constitutes the main molecular correlate of SV release sites (Publication II:
Reddy-Alla et al., Neuron 2017). Parts of these results were then reviewed in Publication III: Bohme
et al., FEBS Letters 2018, where I used the model built for Publication I and showed the influence
of different coupling distances on synaptic short-term plasticity (which describes how the synapse
responds to quickly succeeding stimuli). We further investigated the role of Uncl3A in synaptic

signaling maintenance on different timescales, where I showed the generally geometric and plastic



patterning of Unc13A at single AZs using a computational approach and STED images acquired by
a colleague (Publication I'V: Bohme et al., Nature Communications 2019). Using findings from these
publications, we then built an advanced stochastic model of synaptic SV release, specifically taking
into account the broad distribution of coupling distances found at the AZ. To make our simulations
agree with experimental data on short-term plasticity, we found it necessary to include a calcium
dependent mechanism that rapidly regulates the number of readily releasable vesicles. These results

are shown in Publication V: Kobbersmed et al., eLife 2020.

The goal of the second subproject was to investigate different forms of the cellular membrane signaling
lipid diacylglycerol (DAG) and their interaction with a functionally downstream signaling molecule
(protein kinase C, PKC), as it is not clear whether or how subtle differences in lipid structure influence
kinetics and signaling properties. To this end, our collaborators generated DAGs exhibiting a chemical
‘cage’ that keeps them from translocating over cellular membranes. These caged compounds were
then individually applied to the outside of cells and their biological function restored by acutely
removing the cage through a UV laser flash. An intracellular, fluorescently tagged DAG binding
protein (a domain of PKC) could then be used to indicate lipid dynamics and protein recruitment in the
cell membrane over time. However, due to the temporal convolution of concurrent dynamic processes
like trans-bilayer movement, sensor binding/unbinding and metabolism, the exact quantification of
kinetic properties required a computational assay that we developed. Using this in silico model of lipid
dynamics and signaling in a cellular environment, we could show vastly different kinetic properties
and lipid-protein interactions only depending on relatively small structural differences. Our computer-
aided quantification provided evidence of differential effector protein binding and lipid availability
in different parts of the cell. The work and results are shown in Publication VI: Schuhmacher et al.,

PNAS 2020.

In the third subproject, we set out to determine how spontaneous and AP-evoked SV exocytosis are
regulated and whether they are functionally overlapping or separate. Using a genetically encoded
calcium indicator, which we expressed in the postsynapse of the Drosophila NMJ, we correlated the
activity of individual AZs in both release modes with levels of presynaptic proteins, expanding on
our findings from Publication II: Reddy-Alla et al., Neuron 2017. Furthermore, we pharmacologically
investigated the involvement of different presynaptic voltage gated channels in spontaneous release,
and determined the degree of overlap in postsynaptic sensing. This work showed that many presynaptic
proteins (e.g. Unc13A) predict both SV release modes, while some show differential influence. We
further showed that postsynaptic receptors generally detect NT released via both modes, and that
presynaptic voltage-gated Ca2™ channels (VGCCs) are involved in the generation of spontaneous SV
release. Lastly, we observed that both release modes draw on the same SV pool. The work is shown

in Manuscript in preparation: Grasskamp et al.



Zusammenfassung

Aufgrund seiner Komplexitdt und Wichtigkeit in vielerlei biologischen Vorgingen hat das Gehirn
zahlreiche Wissenschaftler-Generationen begeistert. In ihm finden sich wenige hundert (Fadenwurm
C. elegans; Albertson and Thomson, 1976; White et al., 1986) bis mehrere hundert Milliarden
Nervenzellen (Afrikanischer Elefant; Herculano-Houzel et al., 2014). Diese hochspezialisierten Zellen
kommunizieren untereinander, indem sie an sogenannten Synapsen Signale iibertragen. In chemischen
Synapsen geschieht dies durch die Freisetzung und Detektion von chemischen Botenstoffen, den
Neurotransmittern (NT). Dieser Prozess ist sehr genau reguliert und wird unter anderem durch drei
funktionell und morphologisch trennbare Teile der Synapse moglich gemacht: (I) die Prasynapse
beinhaltet aktive Zonen (AZ), wo NT entweder nach einem elektrischen Reiz (der zu einem
Aktionspotenzial, AP fiihrt; sog. AP-evozierte Freisetzung) oder spontan (ohne elektrischen Reiz)
aus kugelformigen Strukturen (synaptische Vesikel, SV) freigesetzt werden in den (II) synaptischen
Spalt. Durch diesen diffundieren die NT zur néchsten Nervenzelle, der (III) Postsynapse. Hier binden
die NT an sehr spezialisierte Detektor-Proteine in der Zellmembran, wodurch das Signal (entweder
elektrisch oder durch molekulare Signalkaskaden) weitergeleitet werden kann. Dieser Prozess der
Neurotransmission ist die physiologische Entsprechung aller Verhaltensweisen und Bewegungen, zu
denen tierische Lebewesen fdhig sind. Griindliche Forschung hat in den letzten Jahrzehnten viele
Details der Neurotransmission und ihren Einfluss auf neurologische Erkrankungen offengelegt.
Nichtsdestotrotz gibt es auch heute noch zahlreiche offene Fragestellungen auf diesem Gebiet. Um
zur Losung einiger dieser Fragestellungen beizutragen, wurde die Arbeit, die dieser kumulativen

Dissertation zugrunde liegt, in drei miteinander verwobenen Teilprojekten durchgefiihrt.

Das erste Teilprojekt diente der Fragestellung, wie zwei Isoformen des Proteins Unc13 in Synapsen
(an neuromuskuldren Verbindungen zwischen Nerv und Muskel, NMJ) der Taufliege Drosophila
melanogaster die Entfernung von SV zur Quelle des Kalziumeinstroms (welcher zur Freisetzung
der SV fiihrt) reguliert. Mithilfe eines computergestiitzten, teilweisen Modells der Synapse und
gepaart mit experimentellen Daten meiner Kollegen, konnte ich die Beobachtung untermauern,
dass zwei Isoformen dieses Proteins in verschiedenen Entfernungen (sog. Kopplungsdistanzen)
zur Kalzium-Quelle sitzen. Dort regulieren sie auf unterschiedliche Weise die Freisetzung der SV
(Publication I: Bohme et al., Nature Neuroscience 2016). Anhand eines experimentellen Ansatzes,
der die Freisetzung von SV an einzelnen Synapsen sichtbar macht und mit dem Vorkommen von
synaptischen Proteinen in Verbindung bringt, konnte ich dann helfen zu beweisen, dass die Isoform
Uncl3A festlegt, wo exakt SV freigesetzt werden (Publication II: Reddy-Alla et al., Neuron 2017).
Teile der vorhergehenden Erkenntnisse wurden dann in Publication I1I: Bohme et al., FEBS Letters
2018 besprochen. Hierfiir habe ich das Computermodell aus Publikation I genutzt um zu zeigen, dass
verschiedene Kopplungsdistanzen sehr unterschiedliche Einfliisse auf die Kurzzeitplastizitit (also
die Reaktion der Synapse auf schnell aufeinanderfolgende Reize) der Synapse haben. Im weiteren
Verlauf haben wir untersucht, welche Rolle Unc13 bei der Aufrechterhaltung der Signaliibertragung
iber verschiedene Zeitrdume spielt. Hierbei habe ich anhand von computergestiitzten Berechnungen
und hochauflésenden STED-Bildern eines Kollegen gezeigt, dass Unc13A generell geometrisch und
dynamisch an der AZ angeordnet ist (Publication IV: Béhme et al., Nature Communications 2019).



Aufbauend auf den vorhergehenden Ergebnissen haben wir daraufhin ein erweitertes, stochastisches
Modell von SV-Freisetzung erstellt. Dabei haben wir insbesondere einbezogen, dass die Verteilung
von SV um die AZ sehr breit gestreut ist. Um unsere Simulationen mit Experimenten zu synaptischer
Kurzzeitplastizitit in Einklang zu bringen, mussten wir daher annehmen, dass ein Kalzium-abhingiger
Mechanismus existiert, der sehr schnell die Anzahl der zur Freisetzung verfligbaren SV reguliert. Die
Ergebnisse sind unter Publication V: Kobbersmed et al., eLife 2020 zu finden.

Die Zielsetzung des zweiten Teilprojektes behandelte die Untersuchung verschiedener Formen
des zelluldren Membran-Signal-Lipids Diacylglycerol (DAG) hinsichtlich ihrer Eigenschaften und
Interaktionen mit einem funktionell nachgeschalteten Signalmolekiil (Proteinkinase C, PKC). Es
ist bisher nur wenig bis gar nicht erforscht, ob minimale Unterschiede in der Struktur eines Lipids
Einfliisse auf Eigenschaften wie Dynamik und Signalweiterleitung haben. Zu diesem Zweck haben
Kollegen verschiedene Formen von DAG erstellt, die aufgrund eines chemischen ,,cage* nicht
ohne Weiteres zur Bewegung durch die Zellmembran fahig sind. Gibt man diese von aullen auf
Zellen, kann man dann durch einen hochenergetischen UV-Laserpuls den ,,cage® zerstoren und die
biologische Beweglichkeit wiederherstellen. Ein in der Zelle befindliches Protein mit fluoreszentem
Label (eine Domine von PKC) bindet dann an die DAG-Molekiile, die sich ohne ,,cage* in die Zelle
hineinbewegen. Dieser Ansatz kann dazu genutzt werden, kinetische Informationen dieses Prozesses
auszulesen. Da aber gleichzeitig mehrere Prozesse wie Membran-Translokation, Sensor-Bindung und
Verstoffwechselung den Fluoreszenzverlauf beeinflussen, benétigten wir einen computergestiitzten
Ansatz zur Bestimmung der einzelnen kinetischen Eigenschaften jedes Lipids. Anhand dieses
in silico Modells von Lipid-Dynamik und Signalweiterleitung in der Zelle konnten wir den sehr
unterschiedlichen Einfluss kleinster struktureller Unterschiede auf kinetische Parameter und Lipid-
Protein-Interaktion genau bestimmen. Mit dieser quantitativen, computergestiitzten Analyse haben
wir gezeigt, dass die verschiedenen Lipide unterschiedliche Auswirkungen auf Zielproteine haben
und unterschiedlich iiber Teile der Zelle verteilt sind. Eine genaue Beschreibung und Erkldarung der
Arbeit befindet sich im Kapitel Publication VI: Schuhmacher et al., PNAS 2020.

Fiir das dritte Teilprojekt nahmen wir uns vor, herauszufinden, wie spontane und AP-evozierte SV-
Freisetzung genau reguliert sind und ob sie funktionell unterschiedlich oder &hnlich sind. Wir haben
daher einen fluoreszenten Kalzium-Reporter verwendet, den wir durch genetische Steuerung im
postsynaptischen Muskel der NMJ von Drosophila herstellen lieBen. Mithilfe dessen konnten wir
die Aktivitdt einzelner Synapsen mit der Menge verschiedener Proteine korrelieren, womit wir die
Ergebnisse aus Publication II: Reddy-Alla et al., Neuron 2017 erweiterten. Des Weiteren haben wir
durch pharmakologische Beeinflussung die Rolle verschiedener spannungsabhidngiger Membran-
Kanidle in spontaner SV-Freisetzung untersucht und herausgefunden, wie stark postsynaptische
Rezeptoren beim Detektieren beider Modi funktionell {iberlappen. Wir konnten zeigen, dass einige
prasynaptische Proteine (z.B. Unc13A) fiir beide Freisetzungsmodi wichtig sind, wihrend manche
nur einen Modus beeinflussen. In unseren Experimenten sahen wir, dass die meisten postsynaptischen
Rezeptoren zur Detektion beider Modi dienen, und dass spannungsabhingige Kalziumkanéle
(VGCC) fiir spontane SV-Freisetzung wichtig sind. Zuletzt konnten wir zeigen, dass beide SV-
Freisetzungsmodi die gleichen Vorrdte von SV nutzen. Diese Ergebnisse sind im Kapitel Manuscript
in preparation: Grasskamp et al. aufgefiihrt.



1 Introduction

euroscientific research has led to a number of fascinating discoveries such as the molecular

underpinnings of memory formation by Eric Kandel (Kandel, 2012) or the description of

grid cells, which constitute part of the neural navigation system that allows the brain to
find and memorize its place in its three-dimensional environment, by John O’Keefe and Edvard
& May-Britt Moser (Kandel, 2014). While science can, by those unacquainted, sometimes be
misunderstood as self-serving due to its partially abstract nature, many (if not most) advancements
in modern medicine stem from efforts in basic research on biopharmaceutical, biomedical, or related
topics. This includes the discovery of vaccines in the face of life-threatening bacterial infections
(e.g. anthrax and diphtheria) or viral diseases (such as polio and smallpox), as well as the testing of
substances and materials for their risk to induce genetic mutations and abnormal cell-proliferation
(i.e. tumors). In many fields of basic neuroscientific research, molecular and physiological properties
of signal transmission in cells and organisms are investigated to help understand basic mechanisms

and pathological conditions of the nervous system.

The main difficulties in understanding brain function stem from the utter diversity, complexity, and
miniature size of the involved components, as is the case with most biological processes. On one end
of the scale, we can look at the nervous system as a whole and trace connections between different
functional parts, trying to infer their role in behavior. On the other end of the scale, we can try to
investigate single atoms or molecules, and their role in nerve cell communication. Technological
advances in the past decades have given us the tools to investigate the brain on a cellular and
molecular level, and to reproduce network activity in computer simulations. While both fields, and
all neuroscientific fields of research in between, are vigorously expanding and delving ever deeper
into details, it will in the end be an integration of all fields that may show us how the brain achieves

consciousness and its vital responsiveness to changing environmental conditions.

With this introductory part of my written work, I aim to briefly delineate the groundwork that has
enabled my colleagues and me to contribute to the field by investigating cellular signaling and
neurotransmission in peripheral synapses of the fruitfly Drosophila melanogaster through experimental
and computational work. Where appropriate, I will link the primary sources, and otherwise refer the
inclined reader to reviews on specific subtopics. For many of the points I will make here, more

detailed information is provided in the discussion at the end of this thesis.

1.1 Early attempts in understanding the brain

‘ x J hether for spiritual or medical reasons, the human brain has been the subject of surgical

procedures since prehistoric times. The act of trepanation, where an aperture in the skull is



1 Introduction

created, is viewed today as possibly the first act of neurosurgery. In some instances, signs point to
sustained injuries warranting cerebral decompression as early as 5000 B.C. (Petrone et al., 2015),
and likely even earlier. While not all cases can be attributed to a purely medical intention, studies
have shown the post-operative healing of the inflicted cranial wounds (Moghaddam et al., 2015).
It is evident from such cases that medical attention for the brain did not originate in modern times.
However, understanding the role of the brain has not followed the same pace. While it is common in
science journalism to jokingly cite ancient Greek philosopher Aristotle (384 — 322 B.C.) for his claim
that the brain was merely a device for heat dissipation (“The brain [...] tempers the heat and seething
of the heart.” Aristotle and Ogle, 1911:652b26-27) and the cause for frontal baldness (“[...] the front
part goes bald because the brain is there.” Aristotle and Peck, 1943:784a1-2), we today still struggle

to understand conscious thought and the exact neural processes that govern animal behavior.

Aristotle’s arguably misguided, “cardiocentric” view was preceded by Greek philosopher Alcmaeon
of Croton (5th century B.C.), who was a proponent of the “encephalocentric” view in which the
brain serves as the mediator of cognitive processes (Crivellato and Ribatti, 2007). Other famous
supporters of this theory were Hippocrates of Cos (~460 — 370 B.C.) and Plato (~427 — 347 B.C.),
who saw its potential as the “seat of the rational soul” and “source of emotional, moral and aesthetic
activities” (Crivellato and Ribatti, 2007). Plato even saw the body as a “servant” of the brain. It was
Claudius Galenus of Pergamon (better known as Galen; ~129 — 216) who most vigorously fought for
the dominance of the encephalocentric view, and he based his views on anatomical findings that all
nerves emerged from the brain and spinal cord (Crivellato and Ribatti, 2007). For several centuries,
his considerations supported the view that “psychic pneuma” flowing through the nerves conveyed

thought and sensation, which was only corrected beginning in the 17th century, as explained later.

1.2 Visualizing the brain: single cells or continuous tissue?

he first researchers more widely credited with putting considerable effort into understanding
Tnervous system structure and wiring were Santiago Ramoén y Cajal (1852 — 1934) and Camillo
Golgi (1843 — 1926), who investigated the complex networks of neurons. They were later jointly
awarded the Nobel Prize in Physiology or Medicine. However, they came to different conclusions
about the nature of neuronal wiring (Bock, 2013). Golgi held the opinion that all the tissue he could
visualize with his silver-nitrate staining was a continuous network or reticulum. Following the
concepts of Matthias Schleiden and Theodor Schwann, who found that separate cells made up all
living organisms (Baluska et al., 2004), Cajal opposed Golgi’s theory by claiming that the central
nervous system (CNS) was made up of small, anatomically separate units. While using an only
slightly altered version of Golgi’s silver-nitrate method of staining nervous tissue (Jones, 2007),
Cajal was therefore a proponent of the “neuron doctrine”. Among other claims, it states that nervous

cells in the brain are anatomical units and not a continuous reticulum. The term neuron, which is
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the universally used term for individual nervous cells until today, was coined by German researcher
Heinrich Wilhelm Gottfried von Waldeyer-Hartz (1836 — 1921) (Fodstad, 2001), who studied Golgi’s
and Cajal’s work. The term synapse (from Greek cuvayig, conjunction), which is today used to refer
to the connection points between anatomically distinct neuronal cells, stems from the work of Charles
Sherrington (1857 — 1952) (Bennett, 1999) where he tried to describe the nature of a connection

between separate units.

1.3 The electrical nature of neuronal signal propagation

e know today that electrical impulses travel along elongated nerve cell protrusions, or axons
Wand dendrites (Fig. 1), to propagate a signal from one neuron to the next, or to a muscle.
However, the electrical nature of nerve conduction was not known until experiments like the famously
serendipitous ones conducted by Luigi Galvani (1737 — 1798) brought it to light by showing the
influence of electrical stimulation on muscle contraction in frog legs. Instead, “animal spirits” had
been thought to flow through the nerves and mediate their function as theorized by Greek/Roman
physician Galen (Cobb, 2002), but this had been debunked through slightly harrowing yet insightful
experiments by Jan Swammerdam (1637 — 1680) (Cobb, 2002). He observed that removing a frog’s
heart did not immediately eliminate its ability to swim, but removal of the brain did. However,
mechanical stimulation of the nerve was still able to elicit twitching in the leg muscles, and any
“animal spirits” should have escaped the nerve by then. Further, he did not observe an increase in
muscle volume upon contraction, which was another concept imposed by Galen’s views. Although
unknowingly, he may have even preceded Galvani in electrically stimulating a nerve and observing

the contractions induced by that.
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Fig. I Structure of a myelinated vertebrate neuron.
From: Betts et al., 2013; CC BY 4.0



1 Introduction
Work by Emil Du Bois-Reymond (1818 — 1896) and Hermann von Helmholtz (1821 — 1894) later
provided a first estimate of the speed of electrical signal propagation in frog nerves, measuring
values between 25 and ~43 meters per second (at nerve lengths of 5-6 cm and signal durations
between 1.4-2 ms depending on environmental temperature; Helmholtz, 1850) (Cobb, 2002).
Based on Walther Nernst’s (1864 — 1941) work on the thermodynamics of electrode potentials,
connecting potentials with the concentrations of ions, Helmholtz’s assistant Julius Bernstein
(1839 — 1917) then formulated the “Membrane Hypothesis™. It states that, at rest, the nerve cell
membrane is a selective barrier for positively charged potassium ions, which can leave the cell
following their concentration gradient. Therefore, a potential difference is generated because
no counteracting concentration gradient could be equilibrated to compensate this loss of positive
charges (Carmeliet, 2019). Bernstein stated that changes in the permeability for all ions then led
to a self-propagating action potential (AP, Fig. 2), however without knowing which ions were
involved and how the permeability changed for these. It was Charles Ernest Overton (1865 — 1933)
who first hypothesized that, in conjunction with intracellular potassium concentrations, the
extracellularly higher concentration of sodium ions , and changes in membrane permeability for both

ions, would play a role in the depolarization of the membrane (Héusser, 2000; Carmeliet, 2019).
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Fig. 2 Time course of an action potential.
From: Betts et al., 2013; CC BY 4.0

Together, these observations determined the two major ions involved in the generation of an AP, and
this theory was later validated and refined by the seminal work of Alan Lloyd Hodgkin (1914 — 1998)
and Andrew Fielding Huxley (1917 —2012). Together with Bernard Katz (1911 —2003), who aided in
the theoretical explanation of the AP, they determined the flow of ions over the membrane during APs
in squid giant axons in voltage clamp experiments, which allow the measurement of compensatory

ionic currents over the membrane upon changes in membrane polarization (Hodgkin and Huxley,
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1939; Hodgkin and Katz, 1949; Héusser, 2000). Doing so, they proposed the “Ionic Theory” which
in essence combined the work of Bernstein and Overton to prove that the AP consisted of two major
components: the initial depolarization of the nerve was due to a self-propagating increase of the
membrane’s permeability to sodium ions (leading to a net inward movement, owing to the opening of
voltage-dependent sodium channels and the electrochemical gradient of sodium), and the subsequent
repolarization was due to an increased outward movement of potassium ions. They showed that,
while the “resting” membrane had a negative potential of around -70 mV (Fig 2.; depending on the
electrochemical gradients of mainly sodium and potassium), a threshold potential had to be reached
for the membrane depolarization to become a self-propagating AP, meaning that the generation of
an AP was binary: only depolarizing events reaching this threshold would lead to the generation
and propagation of the AP. A refractory period of few milliseconds ensures that the AP travels away
from its point of initiation, since no new AP can be generated by the previously used sodium and
potassium ion channels for this short period of time. But, as the depolarization induced by the AP
passively spreads to other nearby ion channels, the AP can be iteratively generated at other points
of the membrane and travel along the axon. Today we know that the membrane uses an energy-
demanding process where ion transporters (Nat/K*-ATPases) exchange sodium and potassium ions
against their concentration gradients (constituting up to 50% of the brain’s energy demand; Erecifiska
and Silver, 1994). This helps maintain the physiological membrane state at rest, although fast action

of these transporters is not necessary for the membrane’s ability to generate an AP.

Nerve cells in different organisms show different ways of optimizing their conduction velocity
along the axon, notably by increasing the diameter (as in the famous squid giant axon optimized
for flight response) as electrical resistance decreases along the axon, or by wrapping the axon in an
electrically insulating (i.e. increasing electrical resistance across the membrane) fatty myelin sheath
formed by glial oligodendrocytes in the vertebrate CNS (Fig. /) and by Schwann cells in the PNS
(Bear et al., 2012). In myelinated axons, the AP “jumps” (a nearly lossless electrotonic spread due
to low membrane capacitance and high electrical membrane resistance) between nodes of Ranvier
forming along the axon, where ions can cross the membrane in local confinement and generate the
next AP (Bear et al., 2012). This process is known as saltatory signal propagation, and it achieves
its high conduction speed by only necessitating the generation of APs at higher distances, while the
attenuation of longitudinally propagating current is prevented by the myelin sheath, which decreases

membrane capacitance and increases electrical resistance across the membrane.
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1.4 Signal conversion and transmission at the chemical synapse, and the
molecular determinants of neurotransmission

hemical synapses are the main connecting points between nerve cells, and they are needed to
Crelay the electrical signal propagated as an AP to the next cell. However, this transmission is not
electrical like the AP, but relies on chemicals. The chemical synapse can be subdivided into three parts
based on its morphologically distinct compartments (Fig. 3). The synaptic part of the signal-emitting
cell, where SVs reside and the AP arrives prior to SV release, is called the presynapse or presynaptic
compartment. It is of particular importance to my doctoral work, and its structure and function will be
explained in more detail below. The synaptic part of the signal-receiving cell, which senses presynaptic
neurotransmitter release with specialized membrane receptors, is termed postsynapse, or postsynaptic
compartment. Together, the pre- and postsynaptic part form the third part of the synapse by leaving a
synaptic cleft of few tens of nanometers, through which the released neurotransmitter must diffuse in
order to target pre- and postsynaptic receptors. The presynaptic part of the electron dense meshwork
observed in electron microscopy (EM) (Fig. 4) is called the active zone (AZ), as it constitutes the
synaptic part where synaptic vesicles

(SVs) dock to the membrane and fuse

Presynaptic neuron

upon arriving stimuli. “Docked” SVs are
those seen as the closest to the membrane
surrounding the AZ in EM, and docking

Axon terminal 1s a necessary step in preparing an SV for
. / fusion (Verhage and Serensen, 2008).

Synaptic
vesicles

Bernard Katz and Paul Fatt found in the

early 1950s that, even without electrical

N | smame  stimulation of the nerve, they could
Ligand-gated channels/ \\ \ ~ o\ S //\§CI9ft : . ’ y .
WidiSosptorfor . et ) 7 still detect  stochastically occurring
———a

“quantal” events when measuring the
Postsynaptic neuron . .

“end-plate potential” by intracellular

recordings in the frog muscle (Fatt and

Fig. 3 Schematic morphology of a chemical synapse. Katz, 1952; Augustine and Kasai, 2007),

From: Betts et al., 2013; CC BY 4.0 which they already attributed to the

presynaptic release of defined amounts

of acetylcholine. Otto Loewi (1873 — 1961) had found this substance (although under a different
name, “Vagusstoftf” or “vagus substance”) to be responsible for signal transmission from the Vagus
nerve to the heart, and it was therefore the first identified neurotransmitter (NT) (Hyman, 2005).
Importantly, he found that this substance alone was able to elicit the same response in the frog’s heart
tissue (slowing down its contractions) as when he stimulated the Vagus nerve. The numerous NTs we
know of today comprise amino acids like glutamate, gamma-aminobutyric acid (GABA) and glycine,

monoamines such as serotonin, dopamine, and epinephrine, as well as peptides such as oxytocin and

vasopressin (Hyman, 2005).
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Not long after the experiments of Fatt and Katz, it was determined that the quantal events they had
found made up the large responses evoked by nerve stimulation and measured in the muscle (del
Castillo and Katz, 1954). This work crucially furthered our knowledge about neurotransmission at
chemical synapses, which we today know to be the major mediator of signal transmission between
nervous cells, or at neuromuscular endplates. It provided us with the knowledge that, at the typical
chemical synapse, the signal is converted from an electrically propagated one into a chemical one.
Later observations by George Palade (1912 — 2008) and Sanford Palay (1918 — 2002) using high-
resolution EM of fixed tissue showed membranous structures (SVs) at the end of nerve cell terminals,
(see Fig. 4 for examples) and these were quickly brought into connection with the quantal hypothesis
of release (Heuser, 1989; Wells, 2005). Ever since the observation of quantal release, and the
observation that summation of this quantal release underlies the response to nerve stimulation by Fatt,
Katz, and del Castillo (Fatt and Katz, 1952; del Castillo and Katz, 1954), it has been hypothesized
that a mechanism must exist which restricts SV release to defined release sites. Fluctuation analysis
has since shown that a defined amount of SVs can be released upon stimulation with a certain release
probability pV,, and that the measured response size results from the product pV,.*q*N (g - quantal
size; N - number of release sites) (Scheuss and Neher, 2001). The molecular correlate of release site
formation has since been found to be Uncl3 (Reddy-Alla et al., 2017; Sakamoto et al., 2018), as

described later.

An intrinsic property of the synapse is the coupling of SVs to the source of CaZ*-influx, the voltage-
dependent calcium channels (or voltage-gated calcium channels, VGCCs). SVs are released
with a certain vesicular release probability pV, when their main Ca2*-dependent release sensor
synaptotagmin-1 (Syt-1) triggers membrane fusion through the SNARE complex (see below). CaZ*-
triggering of fusion is not a binary process (i.e. a single Ca2* ion does not trigger fusion), as Syt-1
possesses several Ca2*™ binding C2-domains and fusion can happen even when not all of the vesicular
Ca?*-binding sites (possibly and likely consisting of multiple Syts) are occupied by Ca2* (Lou et
al., 2005). Several Ca2* sensors (like Doc2 and Syt-7) may cooperate in SV fusion (Walter et al.,
2011). Still, pV, increases with the amount of available Ca2* (Meinrenken et al., 2002). Therefore,
the coupling distance crucially influences pV, by determining how much Ca2" reaches the SV, and
hence the sensor(s) triggering fusion. It can be tested by applying a slow Ca2* buffer (like EGTA)
to the synapse and measuring response strengths (e.g. by postsynaptic recordings). If the coupling
is loose (i.e. SVs are localized far away from the Ca2* source), release will be decreased by EGTA

application, while its effect on release will be less pronounced in tightly coupled synapses.

EM has generally been atremendous aid inresolving the components of the synapse. Besides showing the
existence of SVs at synaptic terminals (Fig. 4) and the general structure of the synapse, EM has served to
identifyand visualize particularly electron-dense parts of the synapse (Zhaiand Bellen,2004; Ackermann
etal.,2015), where a dense network of proteins resides close to or directly on the pre- and postsynaptic

membranes. Many of these proteins have been identified and characterized, as I will lay out below.


file:///C:/Users/Andreas/Documents/Thesis/Layout%20Schuhmacher%20et%20al/#_CTVL001b9c48f3e5c53417baf3624b5e94b6690
file:///C:/Users/Andreas/Documents/Thesis/Layout%20Schuhmacher%20et%20al/#_CTVL001609b56c57fb1424d8f73e7ed2ae408ca

1 Introduction

At the postsynapse, the signal conveyed by presynaptic SV exocytosis is converted back into an
electrical one by specialized membrane channel proteins called ionotropic receptors, which become
permeable to certain ions (like Ca2*, K*, Na*, or CI-) upon opening. Apart from these fast-acting,
ion conductive channels, the class of metabotropic, G-protein coupled receptors (GPCRs) mediates
slower modulatory actions via the intracellular GTP-binding protein signaling cascade. Presynaptic
metabotropic glutamate receptors (mGluRs) have been implied in the regulation of glutamate release,
ethanol dependence, and stress (Bahi et al., 2012; Peterlik et al., 2016). Ionotropic NT receptors
on the membrane of the postsynaptic cell open upon the binding of NTs and, depending on their
ion species conductivity, lead to de- or hyperpolarization of the postsynaptic membrane (Snyder,
2009). Therefore, NT release from the presynaptic cell can lead to excitation (excitatory postsynaptic
potential, EPSP) or inhibition/attenuation (inhibitory postsynaptic potential, IPSP) of postsynaptic
signal propagation, respectively increasing or decreasing the likelihood that the postsynaptic neuron
will propagate the signal in form of an AP. A major system for inhibitory transmission uses GABA
and GABA , receptors (whereas GABAR receptors are metabotropic), and it constitutes an important
target for anticonvulsant and anxiolytic drugs (Lydiard, 2003; Schousboe et al., 2014). The most well-
established excitatory transmission system (defined by its depolarizing effect on the postsynaptic cell,
see above) in vertebrates uses glutamate, and its respective ionotropic receptors have been classified
by their susceptibility to substances like NMDA (IUPAC: (2R)-2-(Methylamino)butanedioic acid or
N-methyl-D-aspartate), Kainic acid, and AMPA (IUPAC: 2-Amino-3-(3-hydroxy-5-methyl-isoxazol-
4-yl)-propanoic acid.

This synaptic signal conversion, from electrical to chemical and back, establishes an important control
point in nerve cell communication, as it allows the defined release of chemicals and the majority of
fast signal propagation only in one direction. Slow, GPCR-mediated action may be a bidirectional
modulator of activity through pre- and postsynaptic metabotropic receptors, and a presynaptic
localization of ionotropic receptors has been described (MacDermott et al., 1999). These might be
involved in a feedback regulation mechanism to rapidly modulate the membrane potential of the

firing cell, and thus increase or decrease its excitability.

As described, signal conversion at the synapse is initiated when the AP, having travelled from the
cell body (or soma) along the axon to the synaptic endpoint, depolarizes the membrane and leads
to the opening of VGCCs. These channels are permeable to Ca2* ions, which are much more highly
concentrated in the extracellular space than inside the cell due to their vital role in cell signaling
processes (Carafoli and Krebs, 2016). Ca2* concentrations within the cell (low ten to hundred nM in
neurons) are strictly regulated, e.g. by active Na™/Ca2* exchangers removing it from the intracellular
space, and a large intracellular store of Ca2* is the endo-/sarcoplasmic reticulum which can release
CaZ™ when ryanodine- or IP3-receptors are activated (Ca2"-induced Ca2* release) (Grienberger and

Konnerth, 2012). In the extracellular space, Ca2* concentrations are typically much higher by a
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factor of >10000, reaching millimolar values (Breitwieser, 2008). Ca2* ions will therefore follow
their electrochemical gradient downwards into the cell upon opening of VGCCs. Once inside
the presynapse, Ca2" will diffuse and bind to calcium sensors (e.g. Syt-1) located on the surface
of SVs (Brose et al., 1992; Geppert et al., 1994), via so-called C2 domains. When Ca2* binds to
synaptotagmin-1, this protein interacts with phospholipids in the cell membrane and SNARE (soluble
N-ethylmaleimide sensitive factor attachment protein receptor) proteins (Siidhof, 2012). Normally,
the membranes of SVs and the cell would not fuse due to constraints imposed by the energy required
for lipid bilayer fusion (Jahn and Fasshauer, 2012). This energy barrier of SV fusion can be overcome
by the formation of the SNARE complex, which is built from vesicular vVSNARESs located on SVs,
such as the vesicle-associated membrane protein VAMP/synaptobrevin, and from target tSNAREs
located on the cell membrane, such as SNAP25 (synaptosomal nerve-associated protein 25) and
syntaxin-1 (Syx-1) (Siidhof, 2012). The working model is that these proteins bend the membranes
by “zippering” their domains together into alpha-helical bundles and drawing them close, until both
membranes are forced together and fuse. This opens a fusion pore and allows NT to leave the SV,
diffuse across the synaptic cleft, and bind to ionotropic and/or metabotropic postsynaptic receptors,

where another electrical or G-protein mediated signal is generated (Siidhof, 2013).

The function of presynaptic proteins necessary for signal propagation and SV release can be
investigated using neurotoxic substances found in nature, like Tetrodotoxin (TTX) occurring in puffer
fish and blue-ringed octopus, among others (Makarova et al., 2019). This toxin specifically blocks
the function of Na* channels and prevents the generation of an AP (Narahashi, 2008). It therefore
blocks NT at a very early stage, before directly influencing the exocytosis of SVs. Other toxins like
tetanus neurotoxin (TeNT) or botulinum neurotoxin (BoNT) directly cleave the SNARE-proteins
Syx-1, SNAP-25, and synaptobrevin/VAMPs (TeNT only) at different sites and depending on the
toxin serotype (Dong et al., 2019), and therefore interfere with neurotransmission by reducing or

preventing the ability of SVs to release their NT into the presynaptic cleft (Pellizzari et al., 1999).

The probability of SV fusion upon CaZ" influx into the presynaptic terminal, pV,, critically depends
on the distanc