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Scientific summary

Connections between neurons in the brain form a framework that enables neuronal
communication. This map of neuronal connections is known as a connectome, which
can be either "wired,” involving synaptic connections, or "wireless," involving
extrasynaptic volume transmission. Significant neuronal interactions occur through
volume transmission, where neuromodulatory molecules released extrasynaptically
activate receptors on neurons that are not synaptically connected and may be located
distantly. However, compared to the wired connectome, there are fewer studies
investigating the anatomy and function of the wireless connectome in animal brains.

In this study, the anatomy and behavioural role of extrasynaptic neuropeptidergic
signalling were characterized in highly peptidergic neurons using the model organism
C. elegans. Based on previous research from our lab, the PVQ class of neurons was
chosen as an example of highly peptidergic neurons. A two-pronged approach was
employed, involving the investigation of the functional significance of peptidergic
signalling and the anatomical localization of neuropeptide-carrying vesicles in PVQ
neurons.

It was found that disrupting peptidergic signalling in PVQ neurons significantly reduced
the rate of forward locomotion in C. elegans, suggesting that peptidergic signalling is
essential for normal locomotion. Additionally, neuropeptide-carrying vesicles, known
as dense-core vesicles (DCVs), were abundant in PVQ neurons, particularly in the
nerve ring region, which is considered the "brain" of C. elegans, implying that PVQ
neurons are anatomically specialized for neuropeptide signalling. Additionally, a strain
was designed that allows visualization of neuropeptide-carrying DCVs using
fluorescent labelling of a DCV-marker protein, IDA-1.

Future research could investigate candidate neuropeptides, such as FLP-16 and NLP-
13, expressed by PVQ neurons for their role in controlling locomotion. Other potential
behavioural functions of peptidergic signalling, such as oxygen sensing, could also be
explored. Additionally, studying the distribution of synapses and the presence of DCVs
in these regions, through EM images, might provide insights into the mechanism
behind DCV release in this area. Finally, by visualizing and observing the movement
of DCVs, the fluorescently labelled IDA-1 strain could be used to study the variation of
DCV dynamics across different neuronal populations.



General-audience summary

Understanding how the brain processes information and controls behaviour is one of
the biggest challenges in modern science. Neurons, the brain's communication cells,
use two main methods to send signals to each other: direct physical connections,
referred to as wired communication, and indirect, diffusion-based connections, referred
to as wireless communication. My research focuses on the "wireless" method using
signalling molecules called neuropeptides.

In this study, | used a small nematode worm called C. elegans, to study wireless
signalling in the nervous system. Specifically, | looked at a pair of neurons called PVQ
neurons. These neurons are rich in neuropeptides, even though they don't have many
direct physical connections with other neurons. This made them an interesting subject
for studying wireless neuronal communication.

My research found that when the neuropeptide signalling in PVQ neurons is disrupted,
the worms showed unusual behaviour when moving forward. This suggests that
neuropeptides are important for controlling forward movement in C. elegans. | also
found that PVQ neurons have many tiny vesicles that carry neuropeptides, especially
in the nerve ring, which is considered the worm's brain. This suggests that PVQ
neurons are anatomically specialized for neuropeptide/wireless signalling. Finally, we
created a special strain of worms that allows us to visualize these vesicles using a
fluorescent tag.

These findings are important because they show that even neurons with few wired
connections can play a significant role in controlling behaviour through neuropeptide
signalling. This could help us understand more about how brains work.

Future research could investigate specific neuropeptides, like FLP-16 and NLP-13,
produced by PVQ neurons to see how they affect worm locomotion. Other possible
roles of neuropeptide signalling, like oxygen sensing, could also be explored.
Additionally, by studying where synapses and DCVs are located using electron
microscope images, we might understand how these vesicles release their contents.
Finally, by watching the movement of these fluorescently labelled vesicles in real-time,
we can learn how their behaviour varies in different types of neurons.

XI



Introduction

1. An introduction to connectomics

A central goal of connectomics and of modern neuroscience is to understand how
neuronal connectivity and communication shape animal behaviour (Ripoll-Sanchez et
al.,, 2023; Scheffer et al., 2020). Connectomics involves mapping all neuronal
connections within the brain. These connections can occur at physical contact points
known as synapses (White et al., 1986a) or through extrasynaptic volume transmission
(Luigi F. Agnati et al., 1992), which are referred to as the wired and wireless
connectomes, respectively.

Connectomics employs computer-assisted, high-throughput techniques for image
acquisition and analysis to structurally map neural circuits. With a connectome,
neuroscientists aim to explore how the functional aspects of the nervous system arise
from its structural architecture (Galili et al., 2022).

The wired connectome provides an anatomical blueprint of neuronal communication,
involving detailed, high-density mapping of point-to-point connections between
neurons at synapses (Beyer et al., 2022; Briggman & Bock, 2012; Galili et al., 2022).
Current efforts focus on creating detailed maps of the wired connectome in various
species, from the small nematode Caenorhabditis elegans to animals with complex
organisms like fruit flies, mice, and humans (Winding et al., 2023; Witvliet et al., 2021;
Scheffer et al., 2020; Veraszto et al., 2020; Cook et al., 2019; Oh et al., 2014; Van
Essen et al., 2013).

In addition to synaptic connectomes, neurons can communicate "wirelessly" outside of
synapses through the volume transmission of neuromodulatory molecules such as
monoamines and neuropeptides (Fuxe et al., 2012; Trueta & De-Miguel, 2012a;
Agnati, Fuxe, et al., 1986). Exploring the mechanisms of extrasynaptic volume
transmission can therefore provide a more complete understanding of neuronal
communication, complementing the study of wired connectomics.

This thesis aims to characterize extrasynaptic neuropeptidergic signaling between
neurons using the nematode worm Caenorhabditis elegans (C. elegans) as a model
organism. The focus is on the PVQ class of neurons, which is used as an example of
a highly neuropeptidergic.

2. C. elegans is an excellent model system for neurobiology

Caenorhabditis elegans is an excellent model system for studying neurobiology and
behaviour (Sengupta & Samuel, 2009). This small, free-living nematode worm is found
in rotting fruit and plant material, in temperate climates (Sudhaus & Kiontke, 1996).
Typically, C. elegans is a diploid hermaphrodite, but about 0.2% of progeny are male
due to the spontaneous loss of one sex chromosome (Herman, 2005). C. elegans has



been extensively used as a model organism, initially for research in neurodevelopment
(Brenner, 1974a).

C. elegans was the first animal to have its entire synaptic connectome mapped. Its
compact nervous system consists of 302 neurons in the adult hermaphrodite (White et
al., 1986a). Despite the small number of neurons, C. elegans exhibits a wide range of
behaviours, including sensory and navigatory behaviours like chemotaxis and
thigmotaxis, as well as learning and memory capabilities (Suzuki et al., 2008;
Bargmann, 2006; Zhang et al., 2005). Moreover, a hermaphrodite adult can produce
300 nearly isogenic progeny, which helps control for genetic variation—a crucial factor
when selecting a behavioural model, as behavioural traits are often highly multigenic
(McDiarmid et al., 2018; Fisher R., 1919).

C. elegans is relatively easy to culture in the laboratory. It can be grown on agar plates
with a lawn of bacteria (OP50, an E. coli strain) as food, and it has a short development
period of 3 days at 20°C (this varies with temperature) (Stiernagle, 2006a; J. Sulston
& Hodgkin, 1988; Vanfleteren, 1980). Additionally, C. elegans is transparent, allowing
for easy labelling and visualization of cellular and sub-cellular structures using
fluorescent markers (Chew et al., 2018; Maulik et al., 2017). These factors make C.
elegans an ideal model for studying the mechanisms and functions of neuropeptidergic
signalling.

3. The wired connectome of C. elegans can be mapped using electron
microscopy

In the wired connectome, communication between neurons occurs through synapses,
which may be chemical or electrical. Chemical synapses involve transmission of a
signal by the release of neurotransmitters in the synaptic cleft (Bernardo S. & Morgan
S., 2012) whereas electrical synapses refer to transmission of a signal through
intercellular channels called gap junctions (Bennett & Zukin, 2004).

C. elegans is the first animal to have its complete connectome mapped. This was
carried out by the Brenner lab in the 1980s by reconstructing images obtained from
electron microscopy (EM) of nervous tissue sections. EM images of synaptic-level
resolution were captured from serially cut, ultrathin tissue layers (= 50 nm); followed
by reconstruction and segmentation of the images (White et al., 1986a). The whole
study took around a decade to be complete.

However, technological advances, such as high-pressure freezing for sample fixation,
better contrast techniques, automation of tissue sectioning, and digitization of electron
microscopy images (Mulcahy et al., 2018; Rostaing et al., 2004), and advances in
computation technology, such as automated machine learning, image acquisition and
analysis and 3D reconstruction software, is making it easier and faster to develop
detailed maps of synaptic neural circuits (Mulcahy et al., 2018; M. Xu et al., 2013;
Cardona et al., 2012).



To understand the behaviour of an animal, it's important to have an anatomical model
of the structures that drive its behaviour (Cook et al., 2020, 2019). For this, a
connectome generally includes synaptic-resolution level of information for each
neuron, including its physical contact points to other neurons (synaptic partners). For
instance, in a study of the posterior nervous system of an adult male worm, a wiring
diagram was developed for synaptic connectivity in tail ganglia region. Network
analysis of this diagram revealed the anatomical structures of a decision-making circuit
that governs mating behaviour in males (Jarrell et al., 2012).

Sample fixation Cutting Imaging Image processing
(HPF)

Topology reconstruction Synapse annotation
(three independent annotators)

2 e

Figure 1. General workflow for connectome reconstruction using electron
microscopy (Figure 1, Mulcahy et al., 2018). The general electron microscopy
workflow involves three main steps: sample preparation, imaging, and analysis. In
2018, the Zhen lab developed a pipeline for volume electron microscopy for
the nervous system of C. elegans. The samples were fixed using high-pressure
freezing and embedded in resin. The embedded sample was cut into ultra-thin sections
and imaged on an electron microscope. These images were then stitched together and
aligned into a 3D volume reconstruction. The neurons were identified based on the
position of their cell body, the placement and trajectory of its neurites and its associated
stereotypical structures and connectivity patterns. For this purpose, the software,
CATMAID (Saalfeld et al., 2009a) and VAST (Berger et al., 2018) was used. To
minimize subjectivity, the dataset was annotated for chemical and electrical synapses
by three independent annotators.

3.1. The limitations of wired connectomics

The wired connectome reflects the anatomical structure of physical contact points
between neurons. However, information on synaptic connectivity alone does not



capture the functional connectivity of neurons, and thus, cannot alone be used to
predict behaviour (Randi et al., 2023).

The wired connectome forms a structural framework through which neurons can
communicate; however, the connectivity and activity of neurons is very dynamic,
modulated by several neuromodulatory molecules, such as monoamines,
neuropeptides and neurohormones (Lee & Dan, 2012a; Marder, 2012a; Beverly et al.,
2011).

In addition to this, neuromodulatory molecules also form an extrasynaptic signalling
network for neuronal communication. These molecules can be released from non-
synaptic sites, diffuse through the extracellular matrix, and can act over longer
distances and over longer timeframes. Therefore, to study neuronal communication,
wired connectomics alone is not sufficient (Luigi F. Agnati et al., 1992; Trueta & De-
Miguel, 2012a).

Besides this, several mechanisms contribute to the dynamic nature of neuronal
communication. For instance, connectomes developed from EMs images lack
information on the type of neurotransmitters and neuromodulators released, presence
of neuropeptidergic autocrine connections (for self-modulation), different post-synaptic
receptors and their binding strengths and so on (Vogt, 2020). These factors add to the
dynamicity of neuronal communication and function.

4. The wireless connectome of C. elegans

While the wired connectome represents the synaptic connectivity of neuroanatomy,
the neuromodulatory signalling network elucidates the role of extrasynaptic volume
transmission in neuronal communication.

In the mid- to late-20" century, increasing evidence indicated that neurons could
communicate outside of synapses, through extracellular spaces (Fuxe et al., 2012;
Trueta & De-Miguel, 2012a; Agnati, Fuxe, et al., 1986; Agnati, Zoli, et al., 1986). This
evolved into a new theory of volume transmission in the brain that complemented
conventional synaptic transmission, forming a more complete picture of how neurons
communicate (Luigi F. Agnati et al., 1992). Volume transmission refers to the various
signalling mechanisms in the nervous system that involves release of signalling
molecules, such as neurotransmitters and neuromodulators, into extracellular medium.
These molecules can diffuse across a relatively long-range, communicating with
nearby and distant cells over a longer time frame (Trueta & De-Miguel, 2012b).

Neuromodulatory molecules, such as monoamines and neuropeptides, can modulate
a diverse range of behaviour in animals, ranging from local action on individual neurons
and small circuits to global brain networks affecting the behavioural state of an animal
(Lee & Dan, 2012b; Liu et al., 2012; Marder, 2012b; Beverly et al., 2011; Marder &
Bucher, 2007).

In C. elegans, monoamines and neuropeptides are associated with regulating several
essential behaviours, including locomotion, reproduction, learning and feeding (Van



Damme et al., 2021; Watteyne et al., 2020; Chang et al., 2015; Chase & Koelle, 2007;
Kawano et al., 2000; Li et al., 1999; Nelson et al., 1998). These molecules function by
activating their cognate receptor which are generally G protein-coupled receptors
(GPCRS). In the nervous system, some examples of monoamines include serotonin,
dopamine, adrenaline (Swallow et al., 2016; Walker et al., 1996); and neuropeptides
include vasopressin, oxytocin, cholecystokinin (CCK) (de Wied & van Ree, 1989;
Heinrichs & Domes, 2008; Ye et al., 2019).

Neuropeptides are messenger molecules, made of short chains of amino acids,
synthesized, and released from neurons (Mains & Eipper, 1999). There are over 300
neuropeptide molecules found in C. elegans, encoded by at least 159 genes. They are
extensively expressed in the nervous system, with each neuron class expressing a
distinct combination of neuropeptides (McKay et al., 2022; Taylor et al., 2021; Van Bael
et al., 2018; Li & Kim, 2008).

Neuropeptides are derived from large precursor molecules that are cleaved and
modified post-translationally (Li & Kim, 2008). The initial steps of processing the
precursor molecules are carried out by a group of enzymes called the proprotein
convertases. EGL-3 is an important proprotein convertase enzyme expressed in many
neurons (Kass et al., 2001).

Previous studies have indicated that EGL-3 is a major protein involved in processing
precursor molecules into neuropeptides that show diverse functions, including egg-
laying, mechano-sensation, and locomotion (Husson et al., 2006; Jacob & Kaplan,
2003; Kass et al., 2001).

Processing of precursor molecules begins at the endoplasmic reticulum, then in the
Golgi complex and continues as the peptides are packaged into dense-core vesicles
(DCV) and trafficked across the axon, to nerve terminals (Mains & Eipper, 1999; Fleur
L Strand, 1998).

4.1. The neuropeptidergic signalling network of C. elegans

It is widely accepted that neuropeptides might exert their effects beyond the location
where they are initially released (Nassel, 2009). In a study of sympathetic ganglion in
bullfrogs, it was demonstrated that neuropeptides once released, may diffuse over tens
of micrometres to bind to their cognate receptors (Jan & Jan, 1982).

In addition, several studies have indicated that DCV cluster in perisynaptic and non-
synaptic regions (Nassel, 2009; Nusbaum, 2002; Ohnuma et al., 2001; Karhunen et
al., 2001). Conversely, synaptic vesicles (SVs) carrying classical neurotransmitters
cluster at the active zone. The difference in positioning of SV and DCV may play a
significant role in the different requirements for their release (Nusbaum, 2002;
Karhunen et al., 2001).

For instance, in a study on the buccal neurons of Aplysia californica, it was observed
that the exocytosis of DCV requires a higher stimulus frequency than for exocytosis of



SV. The released peptides bind to their cognate GPCRs, activating the second
messenger cascade (N&assel, 2009; Karhunen et al., 2001). The range of action of
secreted neuropeptide could be limited by dilution, binding affinity of the cognate
receptor and by the activity of membrane-bound peptidases (Nassel, 2009; Ohnuma
et al., 2001).

Neuropeptides are interesting to study as they are the most diverse class of
neuromodulators found in the nervous system (Jékely et al.,, 2018). Generally, in
bilaterian animals, the genome encodes hundreds of neuropeptides and GPCRs
(Beets et al., 2023; Taylor et al., 2021b; Civelli et al., 2013; Mirabeau & Joly, 2013;
Caers et al., 2012; Frooninckx et al., 2012). These genes are widely expressed across
the nervous system. In comparison, the expression of monoamines is generally
restricted to a small group of neurons (Bentley et al., 2016).

A recent study developed a draft connectome of neuropeptidergic signalling in C.
elegans, based on information on neuroanatomy, single-cell expression dataset and
neuropeptide-GPCR pairing (Beets et al., 2023; Ripoll-Sanchez et al., 2023; Taylor et
al., 2021b). Neuropeptidergic signalling was found to be a dense, pervasive, and
decentralized network, which has a topology distinct from the network topology of the
synaptic connectome.

The neuropeptidergic signalling network of C. elegans exhibits a rich-club topology, a
concept from network theory. This refers to a group of neurons, termed as nodes, that
show the highest degree of connection with other neurons, are more densely
interconnected amongst themselves than would be expected from their high degree
alone. Notably, the rich club of C. elegans encompasses more than half of all its
neurons, indicating a densely connected and decentralized neuropeptidergic
connectome. However, some neurons exhibit exceptionally high degree of
neuropeptidergic connections. These neurons are referred to as hubs, with their high
degree being an indication of their functional significance.

The neuropeptidergic signalling network of C. elegans has 6 highest-degree hub
neurons, which includes AVK, PVQ, PVT, and PVR (Ripoll-Sanchez et al., 2023). The
neuron classes AVK and PVT are known to be peptidergic neurons and do not express
any classical neurotransmitters and monoamines (Pereira et al., 2015). These neurons
are associated with the modulation of arousal and sleep-like behavioural states (Niu et
al., 2020; Oranth et al., 2018; Turek et al., 2016; Y. Xu et al., 2021).
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Figure 2. A graphical representation of the draft neuropeptidergic connectome
of C. elegans (Figure 1, Ripoll-Sanchez et al., 2023). The neuropeptide connectome
was developed by integrating information from neuropeptide-GPCR pairing, single-cell
gene expression, and anatomical datasets to infer potential pathways for neuropeptide
signaling between individual C. elegans neurons. The neuropeptidergic signalling
network was found to be a dense, pervasive, and decentralized network, which has a
topology distinct from the network topology of the synaptic connectome.

PVQ and PVR neurons originate in the tail region and extend their processes to the
nerve ring (White et al., 1986b). EM image analysis has revealed that their neuronal
processes in the nerve ring are abundant with dense-core vesicles. This suggests a
potential anatomical specialization for neuropeptidergic signalling, though their specific
functions remain poorly understood (Ripoll-Sanchez et al., 2023; Witvliet et al., 2021).
Furthermore, a recent study by Wang et al. found that PVQ neurons do not express
classical neurotransmitters or monoamines (Wang et al., 2024b).
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Figure 3. A representation of network connectivity between six highest-degree
neuropeptidergic hub neurons in C. elegans (Graphical abstract, Ripoll-Sanchez et
al., 2023). The six highest-degree hub neurons in the neuropeptidergic signalling
network of C. elegans. These are little-studies neurons that appear to be specialised
for peptidergic signalling. AVKL/R, PVQL/R and PVT neurons are known to be
peptidergic neurons that do not express any classical neurotransmitters and
monoamines (Wang et al., 2024; Pereira et al., 2015). Meanwhile, PVR and PVQ
neurons are known to be rich in DCVs (Ripoll-Sanchez et al., 2023; Witvliet et al.,
2021).

5. The anatomy of the C. elegans nervous system

To investigate the dynamics of both wired and wireless connectomes, it is essential to
understand the anatomical structure of the C. elegans nervous system. The
organization and physical properties of neurons and their processes provide the
foundation upon which both types of connectomes operate.

The C. elegans nervous system consists of a compact but organized structure,
facilitating the study of both wired and wireless connectomes by providing a framework
on which they function.

An adult hermaphrodite worm has nervous system consisting of two distinct and
autonomous systems: a somatic nervous system which is comprised of 282 neurons
and a pharyngeal nervous system with 20 neurons (White et al., 1986a; J. E. Sulston
& Horvitz, 1977). The pharyngeal nervous system is synaptically connected to the
somatic nervous system through a pair of neurons known as ring interneurons (RIP)
(White et al., 1986a).

In comparison, the neuropeptidergic network forms several putative connections
between the central and pharyngeal nervous system. Pharyngeal neurons express
several GPCRs whose ligands are expressed by non-pharyngeal neurons, indicating
that these neurons are peptidergically connected to non-pharyngeal neurons (Ripoll-
Sanchez et al., 2023; Taylor et al., 2021b).



Neurons are grouped into 118 different classes based on their topology and synaptic
connections (White et al., 1986a). Most neurons in C. elegans are unipolar or bipolar
with very thin, unbranched processes. The cell-bodies of most neurons cluster together
to form ganglia in the head or tail region. From theses ganglia, neuronal processes
arise and run along in longitudinal nerve bundles, forming several chemical and
electrical synapses (Hall et al., 2005; White et al., 1986a).

In regions with synapses, local swelling is observed, along with clusters of SVs and of
DCVs in the active zone and the perisynaptic regions, respectively. DCV, similar to SV
and other vesicles, undergo microtubule-dependent fast transport in neurons,
facilitated by motor proteins belonging to the kinesin and dynein superfamilies (Rudolf
et al., 2001, Tsukita & Ishikawa, 1980).

Neuronal processes (also known as neurites) contain bundles of microtubules, smooth
endoplasmic reticulum and at times, clusters of free ribosomes (for local translation)
and mitochondria (Rolls et al., 2002; White et al., 1986). Also, the nerve ring, present
in the head region, has the largest collection of neurons in the worm body, while the
tail ganglia region has the second largest neuron collection.

In C. elegans, neurons are classified into four categories based on their functional role:
(1) motor neurons (make synaptic connections with muscle cells); (2) sensory neurons
(detect and transmit sensory cues); (3) interneurons (connect motor neurons and
sensory neurons); and (4) polymodal neurons (can perform multiple functions). Of
these neuron types, interneuron is the largest group of neurons in C. elegans.

Interneurons receive incoming synapses from and transmit outgoing synapses to other
neurons, functioning as information processors. They do so by coordinating
information from various sensory neurons, possibly from different neuronal circuits,
modulating the execution of a behavioural program. For example, the neuronal
networks for egg-laying and locomotion are linked by the interneurons AVF, AVJ and
AVB. These cells act as circuit couplers that can connect different circuits to temporally
coordinate their activity (Hardaker et al., 2001).

Interestingly, the six highest neuropeptidergic hub neurons in C. elegans are all
interneurons with long processes extending from the nerve ring to the tail region. This
may indicate a morphological specialization of these neurons for local peptidergic
release throughout the entire nervous system (Ripoll-Sanchez et al., 2023).

In this thesis, we focus on characterizing neuropeptidergic signalling in a specific class
of neurons known as PVQ. As previously mentioned, PVQ consists of a pair of
interneurons, PVQL and PVQR, born in the lumbar ganglia of the tail region. The
neuronal processes of these two neurons extend along the ventral nerve cord of C.
elegans, with PVQL extending along the left tract and PVQR along the right tract,
reaching up to the nerve ring (White et al., 1986b). The functional role of PVQ neurons



remains insufficiently explored. However, PVQL, along with PVP neurons, appears to
guide axons along the left tract during VNC development (Durbin, 1987).

In the draft neuropeptidergic connectome of C. elegans by Ripoll-Sanchez et al., PVQ
neurons are anticipated to connect extensively with neurons in the URX, PQR, BAG,
BDU, VB, and DB classes. These neurons are part of neural circuits responsible for
oxygen sensing, forward movement, and proprioception, indicating a potential
functional role for PVQ neurons in regulating these behaviours (Gray et al., 2004; Wen
et al., 2012a; Zimmer et al., 2009).

Given the predicted connections of PVQ neurons with those involved in these
behaviours, it is important to conduct behavioural assays targeting these specific
behaviours. To this end, disrupting peptidergic signalling in PVQ neurons would
enables us to investigate the role of neuropeptide-based signalling in locomotion,
providing insights into how this signalling influences these behavioural processes in C.
elegans.

Figure 4. Placement and topology of PVQ neurons in the ventral nerve cord.
PVQ is a class of interneurons in C. elegans. This class is comprised of two neurons,
PVQL and PVQR, originating in the posterior or tail region of the worm. Their axons
project anteriorly, along the ventral nerve cord up to the nerve ring (White et al., 1986b).
PVQ neurons forms synaptic connections with ASJ, ASK and AIA neurons (Witvliet et
al., 2021). Being neuropeptidergic hub neurons, PVQL/R forms several strong
peptidergic connections, with the most significant associations observed with URX,
PQR, DB and VB neurons (Ripoll-Sanchez et al., 2023).
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6. Dense-core vesicles (DCVs) and neuropeptidergic signalling

The anatomy of the C. elegans nervous system is crucial for forming a structural
framework for neuropeptidergic signaling. Within this framework, dense-core vesicles
(DCVs) are components that mediate the storage, transportation, and release of
neuropeptides, which are essential for wireless communication between neurons.

As mentioned previously, precursor neuropeptide molecules are packaged into DCV
along with their processing enzymes (Introduction: Section 4.1.). This packing occurs
at the trans-Golgi network, followed by trafficking of the vesicles along the axons. The
release of DCV content, including neuropeptides, generally occurs at non-synaptic
sites, contributing volume transmission (Salio et al., 2006; Strand, 1999).

In this manner, DCVs play an essential role in the operation of the neuropeptidergic
signalling network. Witvliet et al. (2021) used serial-section electron microscopy to
reconstruct the nerve ring region of C. elegans across its various developmental
stages. It was observed that the neuronal processes of the PVQ class of neurons is
abundant in DCVs in the nerve ring region. This is in consensus with the findings of
Ripoll-Sanchez et al. (2023) that identified PVQ neurons as a neuropeptidergic hub.

Therefore, electron microscopy images of C. elegans nervous system can be used to
localize DCVs in a neuron, revealing detailed morphological information and valuable
guantitative data, including their number and distribution (Witvliet et al., 2021; White et
al., 1986).

Figure 5. A representative electron microscopy image of neurons carrying DCV
and SV (Extended Data Fig. 1) (Witvliet et al., 2021). The pre-synaptic terminal with
the classical chemical synapses is indicated by a red arrowhead. It is rich in SVs (red
arrows), which are in the active zone. In contrast, the neuronal processes of
modulatory neurons, like PVQ, are abundant in DCVs, highlighted by the orange
arrows. These DCVs are also located in the pre-synaptic terminal but away from the
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classical chemical synapse marked by an orange arrowhead. The postsynaptic
neurons are denoted by an asterisk.

Most neuron classes in C. elegans are developed (birth, extension of their neuronal
processes and forming synapses) during embryogenesis i.e. before hatching or the L1
stage. This includes PVQ neurons and all the connections they form (H. Sun & Hobert,
2023; H. S. Sun & Hobert, 2021; Witvliet et al., 2021). Certain classes of motor and
sensory neurons are developed between the L1 and L3 larval stages, while most male-
specific neurons are generated during the L3 and L4 larval stages (H. Sun & Hobert,
2023).

In addition to analyzing EM data, DCV localization can also be achieved by introducing
a fluorescent tag on a marker protein within PVQ neurons (He et al., 2019). IDA-1, a
transmembrane protein found in DCVs, is commonly used as a marker for visualizing
these vesicles by fusing it with green fluorescent proteins (GFP) (Zahn et al., 2004).
For instance, Valperga and de Bono (2022) tagged DCVs with IDA-1::GFP, expressed
specifically in ADL neurons, to study the mechanism of cross-modal plasticity. After
ADL neurons lost their sensory properties, their function was repurposed by the oxygen
sensing circuit, leading to increased neuropeptide secretion by ADL neurons. This
study examined whether this increased secretion was accompanied by heightened
DCYV trafficking in the neuron.

In this manner, DCVs can be visualized by fluorescently labelled DCVs in neurons.
And expression of DCVs is indicative of peptidergic signalling activity in the neuron.

1%

Figure 6. Localization of IDA-1::GFP in ADL neurons in wild-type animal and in
gui-1 mutant animal (Figure 3 — Figure supplement 1 (C), Valperga & de Bono, 2022).
In this study, the distribution and potential release sites of DCV was investigated by
fluorescently tagging IDA-1 in ADL neurons. ADL comprises of two sensory neurons
situated in the head region. These neurons exhibit a high degree of polarisation, with
its one dendrite extending towards the nose and the axon moves posteriorly towards
the nerve ring, bifurcating into two branches. The IDA-1::GFP fluorescence was
observed as small, bright spots along the axon and more widely dispersed in the cell
body. However, no fluorescence was detected in the dendrite.
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Research Outline

A central goal of modern neuroscience is to understand how the brain processes
internal and external information through neuronal circuits. Recent efforts have
focused on mapping synaptic wiring diagrams, or synaptic connectomes, of both
simple and complex nervous systems. However, neurons communicate through two
distinct mechanisms: synaptic transmission via wired connections and volume
transmission of neuromodulatory signalling molecules like monoamines and
neuropeptides via wireless connections i.e. through extrasynaptic signalling.

To study extrasynaptic peptidergic signalling, we use Caenorhabditis elegans as a
model organism. Ripoll-Sanchez et al. (2023) developed a draft neuropeptidergic
connectome for C. elegans, revealing a dense and decentralized signalling network.
Interestingly, the six neurons with the highest peptidergic connectivity did not exhibit
high synaptic connectivity. This indicates that certain neurons are crucial in
neuropeptide signalling despite limited synaptic connections.

Thus, this research investigates the functional and anatomical roles of
neuropeptidergic signalling in PVQ neurons, a class of neurons that exhibits high
peptidergic connectivity but low synaptic connectivity.

To disrupt peptidergic signaling in PVQ neurons, we aim to develop a PVQ-specific
egl-3 gene knockout strain. EGL-3 is necessary for the processing of neuropeptide
precursors. By knocking out this gene, we aim to disrupt peptidergic signalling in PVQ
neurons. Following the development of the knockout strain, we will characterize the
functional role of peptidergic signaling in PVQ neurons through locomotion-based
behavioral assays. These assays will allow us to observe the direct effects of disrupted
peptidergic signaling on neuronal function and behaviour.

Additionally, we will also characterize the anatomical distribution patterns of
neuropeptide-carrying dense-core vesicles (DCVs) in EM images. The images will be
annotated and analyzed for DCVs in PVQ neurons. These images are obtained from
L1-L2 transition stage larval worms. Therefore, the data is only representative of DCV
distribution in a particular worm developmental stage.

To overcome the limitation of the EM dataset, we want to develop a strain that allows
visualization of DCVs in real-time across various stages of the worm life cycle. We
want to design a knock-in strain wherein a DCV marker protein, IDA-1, is fluorescently
tagged in a cell-specific and endogenous manner. Visualization of DCVs will enable us
to study the dynamics of neuropeptidergic signalling, providing a more comprehensive
understanding of DCV dynamics and spatial distribution throughout different
developmental stages.
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Materials and Methods

1. C. elegans maintenance and handling
1.1. C. elegans strains

All the strains used in this thesis project are listed in Table 1. These strains have an
N2 background.

Table 1. List of C. elegans strains used in this research project.

Name Strain Genotype

wild type Bristol N2

egl-3 floxed DCR6978 egl-3 (nul711) v

PVQ-specific egl-3 IBE815 egl-3 (nul711) V; ibtEx143 [nlp-17p(296

knockout [nlp- bp)::CRE (20 ng/uL) + uncl22p::GFP (50

17p(296 bp)] ng/uL)]

IDAL PHX9058 LoxP-ida-1(exon-12)-LoxP-ida-1 3' UTR-
(AQ5368) mNeonGreen

1.2. Culturing conditions

All C. elegans strains utilized in this research project were maintained on nematode
growth medium (NGM) plates that were seeded with bacteria, E. coli OP50, as the food
source, at 20°C (Brenner, 1974). All the strains were raised under identical conditions.

1.2.1. Preparation of Nematode Growth Medium (NGM) plates

The strains were maintained on medium sized (55mm) plates, containing 12mL of the
Nematode Growth Medium (NGM) agar prepared according to the standard protocol
(Brenner, 1974, Stiernagle, 2006). Once prepared, the plates were inverted and stored
at4°C.

1.2.2. Seeding of Nematode Growth Medium plates

An E. coli OP50 overnight culture was prepared by inoculating 10mL of Lysogeny Broth
(LB) medium with a colony of E. coli OP50. The NGM agar plates were seeded with
100puL of the E. coli OP50 culture medium and then left to dry. Once dried, the closed
plates were inverted and kept at room temperature overnight, allowing the seeded
bacteria to grow. The next morning, plates were ready to be used or stored at 4°C until
needed.

1.2.3. Propagation of C. elegans hermaphrodites for strain maintenance

Regular maintenance of C. elegans strains was carried out by transferring three young
adult hermaphrodite worms to NGM agar plates with a fresh OP50 lawn. This was
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carried out every 3-4 days when kept at 20°C. Since C. elegans can grow and multiply
very rapidly, it is important to transfer worms to new plates as otherwise the bacterial
lawn would be depleted, and the worms would be starved, and this can change their
behaviour. Generally, the worms were transferred by picking/scooping up the worm
with a worm picker.

1.3. Freezing C. elegans strain

C. elegans strains can be frozen and stored for an indefinite period. These strains can
be then recovered for use, by thawing. This allows strains to be stored and acts as a
backup stock for use in the future. Freezing is ideally carried out on worms that are in
the L1-L2 transition state, from a freshly starved plate (these worms survive freezing
best). The standard protocol for freezing was followed (Brenner, 1974; Stiernagle,
2006).

2. Molecular biology techniques
2.1. Assembly of promoter-Cre recombinase construct
Linearizing vector pJH4237

For assembly of the promoter-Cre recombinase construct (for the PVQ-specific egl-3
knockout strain), the plasmid vector pJH4237 (Ptwk-40s::Cre unc-54 3' UTR C.elegans
for Cre/Lox) was obtained for use from the Zhen lab (Lu et al., 2022). The structure of
the plasmid vector is provided in the Appendix section. The vector was linearized with
the restriction enzymes, Sphl and Smal (FastDigest, Thermo Fischer Scientific)
flanking the original promoter sequence of the plasmid. The restriction digestion mix
was prepared by adding the components mentioned in table 3. And then incubating at
37°C for 60 minutes. The resulting DNA fragments were visualized through gel
electrophoresis.

Table 3: Reaction components used in the restriction-digestion mix.

Component Concentration Volume
Plasmid DNA 97.65ng/ uL 10uL

10x FastDigest Buffer 3uL
Restriction enzyme 1lyL/enzyme
PCR-grade water 15uL

For the gel electrophoresis, a gel containing 1% agarose (Sigma-Aldrich) was prepared
with 5uL of GelRed (10000x in Dimethylsulfoxide (DMSO), Biotium) for visualization of
DNA. The gel was run for 50 minutes at 110V and then visualized under UV light. The
correct band length (4543 bp) for the vector construct without the original promoter
(Ptwk-40) was extracted from the gel using the Zymoclean Gel DNA Recovery Kit.

Cloning genomic DNA
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The DNA sequence for the promoter of nlp-17 gene (298bp) was obtained from the
Frokjeer-Jensen Lab (DNA sequence given in the Appendix section) (AlHarbi &
Frakjeer-Jensen, 2023). This DNA fragment was amplified from the genomic DNA of
C. elegans by polymerase chain reaction (PCR). For successful DNA assembly, the
primers have an overhanging sequence that is complementary to the overhanging
sequence of the linearized vector, facilitating the annealing and assembly of the DNA
fragments. The primers used here are given in Table 4.

Table 4. A list of the primers used for the PCR amplification of nlp-17 promoter
with their sequence and annealing temperature.

Primer Sequence Annealing
Temperature

PIJM1558 CCATGATTACGCCAAGCTTGCATGCACTTTGATGTTTCAAAAGTTTTCCT 62°C
(forward)

PIJM1559 CTTTGGGTCCTTTGGCCAATCCCGGGTCTGTGAAAAAGCCTGACTTT 62°C
(reverse)

A 50uL PCR master mix was prepared and then placed in a thermocycler (Mastercycler
nexus gradient, Eppendorf) and run with the PCR program mentioned on Table 5. This
was followed by visualization and extraction of the amplified DNA fragments by gel
electrophoresis and gel extraction of the sample, respectively.

Table 5. PCR program used for Q5® High-Fidelity DNA Polymerase.

Phase Temperature Duration

Initial denaturation 98°C 30 seconds

Denaturation 98°C 10 seconds

Hybridisation 62°C (annealing 30 seconds

temperature)

Extension 72°C 30
seconds/kb

35 cycles

Final extension 72°C 2 minutes

Hold 4°C Pause

16



DNA fragment assembly

The NEBuilder HiFi DNA Assembly Cloning Kit was used as a one-step method for
assembly of DNA fragments, under isothermal conditions. For a two-fragment
assembly, a 1:2 concentration ratio of vector:insert is recommended. In a 1.5mL
Eppendorf tube, kept on ice, 2uL of linearized vector, 4uL of promoter insert and 10uL
of NEBuilder HiFi DNA Assembly Master Mix was added. Then, the total volume of the
reaction mixture solution was brought to 20uL by the addition of PCR-grade water. The
reaction mixture was incubated at 50°C for 60 minutes in a dry bath (Compact dry bath
S, Thermo Fisher Scientific). The assembled product was then stored at -20°C.

The assembled plasmid vector was introduced into DH5 a competent bacterial cell
through chemical transformation, following the standard protocol of Green and
Sambrook (Green & Sambrook, 2012).

Diagnostic digest

To ensure that the cloning of insert into the vector was carried out successfully, a
diagnostic digest was carried out. First, the plasmid vector was extracted from an
overnight culture by following the protocol from the QIAprep Spin Miniprep Kit (Qiagen,
Germany). Around 600 ng of plasmid DNA was digested with Xbal restriction enzyme,
at 37°C, for 60 minutes. The digested product was separated by 1% agarose gel
electrophoresis to confirm the presence of fragments at the correct band length,
indicating the successful insertion of the promoter sequence into the vector.

3. Generation of egl-3 knockout in PVQ neurons
3.1. Preparation for microinjection
Preparation of injection mix

To prepare the injection mix, the reagents mentioned in Table 5 were added into a
1.5mL Eppendorf tube. The co-injection marker used had the genotype unc122p::GFP.

Preparation of Injection Pads

To ensure that the worms are immobilized during the microinjection, a 2% agarose
injection pad was prepared according to the standard protocols (Kadandale et al.,
2009).

Table 5: Description of the volumes and stock concentrations of the injection
mix.

Component Concentration Volume
(Total =
6uL)

Co-injection marker 50ng/uL 0.59uL

(uncl122p::GFP)
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Cre-construct carrying 20ng/uL 0.38uL
plasmid

RT-PCR grade water - 5.03uL

3.2. Microinjection

For the microinjection, 30-40 L4 hermaphrodite worms were picked on to two plates in
the afternoon of the day before the injection. One plate was placed at 16°C, while the
other plate was placed at 20°C overnight. On the following day, the plate with plenty of
young adult worms at the right stage was chosen for injection.

The microinjections were done by my daily mentor, Jun Meng. The injection was
carried out on the cytoplasm of the gonadal syncytium. Once injected, the worms were
placed onto a new seeded NGM plate, and kept in the incubator at 20°C. Once the
worms recovered from the injection procedure, eggs were laid (F1 progeny). This was
carried out on worms belonging two strains, DCR6978 (egl-3 floxed strain, to generate
PVQ-specific egl-3 knock-out worms) and PHX9058 (IDA-1 knock-in strain, to generate
a PVQ-specific labelling of DCVs).

3.3. Confocal microscopy for strain validation

Capturing the images through confocal microscopy were done by my daily mentor, Jun
Meng. These images were acquired using a Zeiss airy scan confocal and image stacks
generated using Fiji. Worms, in L4 stage, were prepared for imaging by immobilizing
them between two microscope coverslips with a dry pad for immobilizing the worm,
allowing for high-resolution imaging.

4. Behavioural analysis

4.1. Preparation for recording of spontaneous locomotion

The day before the recording, 8-10 L4 worms in a similar developmental stage were
transferred onto a new seeded plate in the afternoon. Four to five such plates were
incubated at 20°C overnight. The day after, the day one adult worms were used for
recordings of their spontaneous locomotion, carried out in the morning.

4.2. Spontaneous locomotion recording

On the day of the recording, unseeded NGM agar plates (55mm) with an essence of
E. coli OP50 at the centre were used. These plates were prepared by placing a bit of
OPS50 bacteria, picked from a seeded plate, at the centre. The plates were allowed to
rest for five minutes and then the OP50 bacteria was cleaned up using a glass Pasteur
pipette that was bent around the pointed edge (with heat). This was done to ensure
that the worms remain closer to the centre during the recordings.

Recording of spontaneous locomotion

At least thirty young adult hermaphrodite worms were recorded per genotype per day.
In every NGM plate, five worms were placed for recording, followed by a 2-minute
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habituation period. Then, the locomotion of the worms was recorded for 5 minutes,
during the roaming state. The roaming state refers to an exploratory behavioural state
characterized by long, straight, and continuous movements with fewer turns and
changes in direction (Fujiwara et al., 2002). This was followed by recording of
locomotion for the dwelling state for the next 10 minutes. The recordings were carried
out under the Dino-Lite Edge digital microscope. The frame rate of the camera was set
to 10 frames per second, which is ideal for behavioural analysis using the tracking
software, TierPsy (Javer et al., 2018).

Table 4. List of strains used for recording of spontaneous locomotion.

N2 bristol / wild type

egl-3 floxed DCR6978 Negative control
PVQ-specific egl-3 knockout IBE815 Experimental
[nlp-17p(296 bp)] group

4.3. Preliminary behavioural analysis
Quantification of locomotion rate

The recordings for the roaming state, each lasting 5 minutes, were analysed by
measuring the locomotion rate through counting the body bends of 10 worms. Each
body bend was counted when the part of the worm just behind the pharynx reached a
maximum bend in the opposite direction from the previous counted bend. However, if
the worm moved forward, then reversed direction spontaneously, and the same region
behind the pharynx bent in the same direction as it had during the forward movement,
this bend was not counted. The average body bends per minute were calculated by
adding up the body bends counted for each worm over the entire 5-minute period and
then dividing by 5. An unpaired t-test was used to determine the significance of the
data.

Quantification of spontaneous reversals

Reversal behaviour describes the worms' tendency to switch their movement from
forward to backward by altering the direction of their sinusoidal body waves. In the
recorded data, 10 worms were observed to count the number of spontaneous
reversals. A reversal was defined as any backward movement exceeding the length of
the pharynx. The collected data was then analysed for statistical significance using an
unpaired t-test.

5. Annotation of DCV in EM images
5.1. EM dataset features

The EM dataset used in this study were obtained from the Mei Zhen Lab (Mulcahy et
al., 2018; Witvliet et al., 2021). The Zhen lab developed eight electron microscopy
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volumes of wild-type (N2 strain) hermaphrodite worms, at different stages of their
development, from birth to adulthood. In this research project, EM images obtained
from the late L1 larval stage (16 hours after hatching) was used for DCV annotations.
This was the oldest developmental stage VEM dataset available for the whole
organism. Many neurons are fully formed in the embryonic stage, i.e. before hatching,
followed by some other neurons classes that are born during the L1 stage, forming a
representation of around 90% of the nervous system. Therefore, PVQ class of neurons
and all their connections were assumed to be completely developed according to our
knowledge (H. Sun & Hobert, 2023; H. S. Sun & Hobert, 2021; Witvliet et al., 2021).

The EM data set was developed by the Zhen lab (Mulcahy et al., 2018; Witvliet et al.,
2021). The Zhen lab used isogenic worms reared in the same environmental
conditions. The worms were prepared for microscopy through high-pressure freezing,
followed by slicing the sample into serial sections of 30nm thickness. The images were
acquired using ATUM-SEM at a resolution of 1 x 1 x 30nm. The images were stitched
and aligned into a 3D volume using the software TrakEM2. For reconstruction of
neurons, skeleton segmentation was carried out, wherein, neurons were identified and
traced while placing a dot, known as a node, in the center of the neurite in each section.
This was carried out with the software CATMAID (Collaborative Annotation Toolkit for
Massive Amounts of Imaging Data) (Saalfeld et al.,, 2009b). The neurons were
identified and reconstructed based on the cell body position and morphology.

5.2.  Annotation of DCVs using Volume Annotation and Segmentation Tool (VAST)

Volume annotation and segmentation tool (VAST) is a software tool used for
generating and editing annotations and segmentations of large 3D image datasets.
This tool can be used for segmentation of intracellular ultrastructure such as the Golgi
apparatus, endoplasmic reticulum (ER), synapses, and even dense core vesicles
(DCVs). Therefore, valuable biological information related to their morphology, size,
number, and distribution can be obtained from this type of data.

Identifying and annotating DCV:

The neurons annotated for this experiment are given in Table 6. A complete neuron
was traced for DCVs by moving across the slides of the image stack, using the skeleton
nodes of the neuron as a reference. For each neuron, the DCVs present in different
regions of the neuron, i.e. nerve ring, nerve cord and tail region, were each uniquely
annotated using a different colour for different segments. Each section of the neuron
was checked for the presence of DCVs in it and then annotated. The criteria used to
identify a dense core vesicle is mentioned in Table 7.
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Figure 7. The VAST user interface showing a slide from the EM image stack used
in this project. The main window is shown here, featuring multiple movable tool
windows, a toolbar for quick access to various editing tools, a toggle to hide all image
layers (EM), and sliders to adjust the opacity of the selected segmentation layer
(Alpha). Additionally, it includes separate controls for the selected segment or group of
segments within the 'Segment Colours’ tool window (SelAlpha). The 'Segment Colours’
tool window displays a list of all segments used in the chosen segmentation layer,
along with their corresponding colours and labels, organized in a tree folder format that
illustrates the grouping and relationships between segments and their subparts.

Table 6. The list of neurons that were annotated for DCVs.

PVQL/R (experiment group)

RID (positive control)

DVC (negative control)

Table 7. Criteria listing the parameters used to identify a DCV.

A clear, round outline/shape

Darkly stained (dense core)

Must only be present in one slide, i.e. cannot appear
in consecutive slides, as these could be ER.

Darkly stained vesicles near the Golgi apparatus are
excluded as they could be ER or other vesicles.
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Vesicle must not have any thread-like projections
along its outline

5.3. Statistical analysis

For the data obtained from annotation of the EM data set, the annotations for each
neuron were classified into three different groups, based on their location — head
region, nerve cord region and tail region. This data was used to plot bar graphs using
the data analysis & visualization software, Prism (GraphPad).

5.4. Generation of a 3D studio image

A part of the cell body and the ventral nerve cord region of the PVQL neuron, was
painted using the annotation tool, VAST. A 3D image was generated by my mentor,
Lidia Ripoll-Sanchez, from this segmentation data, using the software Autodesk 3ds
max.

6. Generation of IDA-1 knock-in strain

We designed a CRISPR-based IDA-1 knock-in strain for fluorescent labelling of DCVs
in a cell-specific manner. The knock-in strain was then generated by a commercial
gene editing services company, Suny Biotechnology.

Designing the knock-in strain

To develop CRISPR insert sequence, the sequence viewer application, ApE (A
plasmid Editor) was used. The DNA sequence for the only isoform of IDA-1 was
obtained from the UCSC genome browser. The sequence for LoxP recognition sites
were inserted at the last intron and after the STOP codon of the IDA-1 gene. This was
followed by the insertion of the rest of the insert sequence, as mentioned in the results
section. The DNA sequence for mNeonGreen, obtained from Shaner et al., 2013.
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Results

1. Generation of a PVQ-specific egl-3 knock out strain using the Cre-LoxP
approach

To explore the role of neuropeptidergic signalling specifically in PVQ neurons, we
targeted the gene for the EGL-3 protein, a key enzyme in processing neuropeptide
precursors. By knocking out the egl-3 gene, we aimed to disrupt peptidergic signalling
in PVQ neurons, allowing us to investigate its impact on behaviours such as
locomotion.

A strain was obtained from the Col6n-Ramos lab that facilitates endogenous knockout
of the egl-3 gene in a cell-type specific manner (Marquina-Solis et al., 2022). This strain
was developed through targeted genome editing using the CRISPR/Cas9 technique,
where the egl-3 gene locus was replaced with a donor template by homology-directed
repair. The donor template included two LoxP sites flanking the egl-3 gene (“floxed
egl-3") followed by an mCherry sequence, serving as a reporter for validating the
knockout upon expression of Cre recombinase.

Using this strain, we developed a new strain, IBE815, by injecting a plasmid carrying
a construct that enables PVQ neuron-specific expression of Cre recombinase. As
mentioned in the methods and materials, section 3, this process involved molecular
cloning, microinjection, selection of transgenic strains, and subsequent validation of
the strain. The expression of Cre recombinase was driven by the promoter for nlp-17
(CeNGEN), which is specific to the PVQ neuron class. Consequently, the egl-3 gene
was selectively knocked out in PVQ neurons, disrupting peptidergic signalling in these
neurons. The successful knockout was indicated by the expression of mCherry,
confirming the disruption of egl-3 in the PVQ neurons.

Endogenous eg/-3 Conditional Knockout

egl-3 Promoter

T—>) 553 ORF)EGEIBUTR)p [mCherry M TEZEIIRD

LoxP LoxP

Cre Expression ¢

egl-3 Promoter

LoxP
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Figure 8. An illustration of the approach for knocking out the endogenous egl-3
gene in a cell-specific manner. Through targeted genome editing, the egl-3 gene
locus was replaced with a donor template carrying two LoxP sites flanking the egl-3
gene (“floxed egl-3”) followed by an mCherry sequence. In the egl-3-floxed strain, Cre
recombinase is expressed in specific cells to knock out the egl-3 gene, enabling
targeted cells to express mCherry. (Marquina-Solis et al., 2022).

Validating the transgenic knockout

The successful knockout of egl-3 gene would allow expression of the red fluorescent
protein, mCherry. Therefore, to validate the knockout of egl-3 in our newly generated
strain, IBE815, the mutant worms were visualized under confocal microscopy. The red
fluorescence from mCherry expression was observed at the expected location of PVQL
and PVQR neurons, conforming the successful knockout of the egl-3 gene.

Figure 9. Visualization of fluorescence from mCherrry proteins validates the
knockout of egl-3 gene in PVQ neurons. On visualization of the knockout mutant
worms (PVQ-specific egl-3 knockout) under confocal microscopy, the fluorescence
was observed at the expected location of PVQL and PVQR neurons, at the left and
right lumbar ganglion respectively, of the tail region. The purple-coloured circle
highlights the location of the cell body region, while the orange-coloured arrow
indicates the nerve process of PVQ neuron in the ventral nerve cord region.

Following the generation and validation of the IBE815 strain, we conducted
locomotion-related behavioral assays to study the impact of disrupted peptidergic
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signaling on behaviour. These assays were designed to investigate the role of
peptidergic signaling in generating locomotion behavior, providing insights into the
functional consequences of egl-3 gene knockout in PVQ neurons.

2. Disruption of peptidergic signalling in PVQ neurons lowers the rate of
forward locomotion

Locomotion-related behavior is a key output of the nervous system’s activity. Changes
in the nervous system’s function typically manifest as abnormalities in locomotion. In
the draft neuropeptidergic connectome of C. elegans developed by Ripoll-Sanchez et
al., it was predicted that PVQ neurons form numerous peptidergic connections with
motor neurons of the VB and DB classes. These motor neurons innervate the ventral
and dorsal body wall muscles, respectively, establishing neuromuscular junctions in
these areas and playing a critical role in forward locomotion and proprioception.
Therefore, the disruption of peptidergic signalling in PVQ neurons would in turn disrupt
its communication with downstream neurons, such as VB and DB neurons. Since these
are motor neurons, we hypothesized that disrupting peptidergic signalling in PVQ
neurons would result in a locomotion-related phenotype.

To investigate the functional role of neuropeptidergic signaling in PVQ neurons,
knockout mutant worms were analyzed for interesting behavioral phenotypes during
spontaneous locomotion. A preliminary behavioral analysis was conducted to quantify
the locomotion rate and reversal frequency, parameters that can be easily observed
and quantified manually. These measurements were taken during the roaming state of
worm locomotion. However, due to time constraints, | was unable to record the
locomotion assay for all the controls (N2 wild type and positive control) in this project,
which may affect the robustness of the data analysis.

It was observed that the knockout worms showed a decreased rate of body
bends/minute relative to the negative control worms, the egl-3 floxed strain (strain
without knocking out of egl-3). A nearly 50% reduction in the rate of bends/minute was
observed for the knockout worms (p-value = 0.0099) (Figure 10(A)). Additionally, the
reversal frequency of the worms was also investigated. It was observed that the
number of reversals made per minute did not differ between the knockout mutant
worms and the negative control worms. This can be interpreted from the non-significant
difference in the mean reversal frequency values between the two strain (p-value =
0.8373). Therefore, it appears that the loss of neuropeptidergic signalling in PVQ
neurons affects forward locomotion in worms by decreasing the rate of forward
locomotion. These findings suggest that neuropeptidergic signaling in PVQ neurons
plays a role in regulating forward locomotion.
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Figure 10. The rate of forward locomotion is lowered in PVQ-specific egl-3
knockout worms. Spontaneuos locomotion behaviour was analyzed for PVQ-specific
egl-3 knockout worms (disrupted peptidergic signalling) and for the egl-3 floxed worms
(no knock out of egl-3 gene - the negative control). (A) It was observed that the
knockout worms exhibited nearly a 50% decrease in the rate of body bends per minute
compared to the negative control worms, with a p-value = 0.0099. (B) The reversal
frequency of knockout worms did not differ significantly from that of the negative control
worms, with a p-value = 0.8373. Therefore, the loss of neuropeptidergic signalling in
PVQ neurons affects forward locomotion in worms by decreasing the rate of forward
locomotion. N = 10 animals/genotype. P-values < 0.05, 0.01, 0.001 are represented as
(*), (**) and (***), respectively. P-value > 0.05 as ns.

Caveats in experimental design

With respect to the experimental design of the locomotion assay, some caveats were
observed in the approach used for tracking of worm locomotion. As mentioned
previously, due to limitations in time, only the knockout mutant group (IBE815) and the
negative control group (DCR6978) were recorded for their locomotion. Ideally, the
positive control group (a pan-neuronal egl-3 knockout strain), a strain that only
expresses the PVQ driver construct (nlp-17p::Cre) (to ensure that Cre expression does
not induce locomotion defects on its own) and the N2 wild-type worms would also be
tracked for their locomotion. Additionally, the two different strains used in this
experiment were recorded on different days. Since behavioural responses can vary
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from day-to-day due to factors such as humidity and temperature of the recording
room, dryness of plates, etc, its important for assays with the control and the
experimental strains be carried on the same day and on more than one day, ensuring
reproducibility and consistency.

3. Distribution characteristics of DCVs in PVQ, RID and DVC class of
neurons.

Electron microscopy generates high-resolution images at the nanometer scale,
allowing visualization of cellular and subcellular structures with exceptional detail
(Subramaniam, 2005). This technique is particularly useful for visualizing dense-core
vesicles (DCVSs) in neurons, as it provides detailed morphological information and
valuable quantitative data, including the number and distribution of DCVs (Witvliet et
al.,, 2021; Hammarlund et al., 2008). Additionally, electron microscopy can reveal
structural details such as synaptic connections, membrane structures, and intracellular
organelles, which are crucial for understanding neuronal function and organization
(Oikonomou, 2017).

In this thesis, we utilized electron microscopy images of the C. elegans nervous system
during the L1-L2 transition stage (Witvliet et al., 2021). By analysing these high-
resolution images, we aimed to gain insights into the morphological characteristics of
the distribution of neuropeptide-carrying dense-core vesicles (DCVs) within PVQ
neurons. This approach helps investigate the role of extrasynaptic neuropeptidergic
signalling in the nervous system of C. elegans.

DCVs act as markers for neuropeptidergic signalling because they store and release
neuropeptides, which are key extrasynaptic signalling molecules in neurons. By
annotating DCVs in EM images, we can map the anatomical distribution of these
vesicles within PVQ neurons. This detailed morphological analysis allows us to
understand the spatial arrangement of neuropeptide-carrying vesicles and their
potential release sites.

To achieve this, the neurons belonging to the classes of PVQL/R, RID, and DVC were
traced individually across the slides of the EM images, from the beginning of each
neuron to the last slide showing their neuronal process. These slides were annotated
for the presence of dense-core vesicles (DCVs). As mentioned in the introduction, PVQ
neurons were specifically traced for DCVs due to their position as one of the highest
degree hub neurons in the putative neuropeptidergic connectome of C. elegans (Ripoll-
Sanchez et al., 2023). RID and DVC neurons served as positive and negative controls,
respectively.
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Like PVQ neurons, RID and DVC neurons have long processes that extend from the
cell body across the dorsal and ventral nerve cords, respectively (White et al., 1986b).
Additionally, both RID and PVQ neurons are classified as modulatory neurons, which
do not express classical neurotransmitters or monoamines (Wang et al., 2024b;
Witvliet et al., 2021; Lim et al., 2016). This shared characteristic is why we chose RID
as the positive control.

In contrast, DVC neurons have a relatively low number of neuropeptidergic
connections, making them suitable as a negative control in this study (Ripoll-Sanchez
et al., 2023). By examining the presence and distribution of DCVs in these neurons,
we can better understand the mechanisms of neuropeptide release and their impact
on neuronal communication and behaviour, such as locomotion.

The PVQL and PVQR neuron somas are located in the left and right lumbar ganglia,
respectively, in the tail region, where PVQ neurons are born. The total number of
dense-core vesicles (DCVs) observed was 443 in PVQL and 179 in PVQR (Figure 5).
In the cell body region of these neurons, very few DCVs were detected. Specifically,
PVQL had 9 DCVs, which accounts for 2% of its total DCVs, while PVQR had 3 DCVSs,
making up 1.67% of its total DCVs. In comparision, the neuronal processes in the nerve
ring region had the highest abundance of DCVs, with PVQL containing 77.2% of its
total DCVs and PVQR containing 83.79% of its total DCVs. A significant number of
DCVs were also observed in the ventral nerve cord region, with PVQL containing
20.67% and PVQR containing 14.52% of their total DCVs. Additionally, it was noted
that the PVQL neuron had more than twice the number of DCVs compared to the
PVQR neuron, with PVQL having 443 DCVs and PVQR having 179 DCVs (Table 8).

In addition to this, during the tracing and annotation of DCVs in PVQ neurons, |
observed that DCVs often tend to be clustered together in the ventral nerve cord
region. (Figure 11(A and C)). Additionally, these clusters of DCVs were frequently
found in specific locations: around synapses, along the edges of a neuronal process,
and in proximity to mitochondria.

In comparision, RID neuron, with its soma situated in the nerve ring region, exhibited
a distribution pattern of DCVs different from that of PVQL and PVQR neurons,
representing different DCV localization preferences (Figure 5). RID shows a relatively
smaller total DCV count of 52. In RID neuron, the neuronal processes within the dorsal
nerve cord region appears to be the primary storage region for DCVs, with
approximately 80.77% of the total DCVs concentrated in this region. This region has a
higher abundance of DCVs compared to the nerve ring region, which contains
approximately 9.62% of the total DCVs. Similarly, the cell body region of RID contains
a comparable proportion of DCVs, also around 9.62% of the total DCVs (Table 8). This
distribution pattern may be representative of the functional specialization of RID neuron
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within the neural circuitry, where the dorsal nerve cord region acts as a DCV storage
and release point, distinct from the distribution observed in PVQ neurons.

Figure 11. EM images of PVQL neuron representing the common clustering
patterns of DCVs within the nerve cord region. When tracing the EM images of
PVQ neurons, it was observed that (A) DCVs exhibit a propensity to form clusters,
particularly in distinct regions: around synaptic junctions, (B and C) along the periphery
of neuronal processes, and (D) in close proximity to mitochondria. These observations
suggest potential functional associations between DCV clustering patterns and
synaptic activity or energy metabolism within PVQ neurons.

Similar to PVQ neurons, DVC neuron demonstrate a greater accumulation of DCVs in
the nerve ring region, where approximately 77.97% of the total DCVs are localized.
The high prevalence of DCVs in the nerve ring mirrors the distribution pattern observed
in PVQ neurons. Additionally, DVC neurons have significant number of DCVs in the
dorsal nerve cord region, approximately 15.25% of the total DCVs. Like PVQ neurons,
DVC display a relatively limited concentration of DCVs in the cell body region,
constituting of around 1.69% of the total DCVs (Table 8). With a total of 118 DCVs,
DVC neuron has a greater DCV count than in RID neuron, showcasing an intermediate
position in terms of overall DCV quantity among the studied neurons.
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Table 8: Distribution of Dense-Core Vesicles (DCVs) in PVQL, PVQR, RID, and
DVC Neurons

Neuron Total DCVs in Cell DCVs in Nerve DCVs in Ventral/Dorsal
DCVs Body (%) Ring (%) Nerve Cord (%)
PVQL 443 9 (2.0%) 342 (77.2%) 92 (20.7%)
PVQR 179 3 (1.7%) 150 (83.8%) 26 (14.5%)
RID 52 5 (9.6%) 5 (9.6%) 42 (80.8%)
DVC 118 2 (1.7%) 92 (78.0%) 18 (15.3%)
Total Nerve cord
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Figure 12: Graphical representation illustrating the distribution of dense-core
vesicles (DCVs) in experimental and control group neurons. PVQL/R, RID, and
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DVC neurons were traced and annotated for DCVs. Notably, PVQ neurons have few
DCVs in their cell bodies, with the nerve ring region being the most enriched in DCVs
for both PVQL and PVQR. Furthermore, a significant number of DCVs are observed in
the ventral nerve cord region of PVQ neurons. DVC neuron demonstrates a DCV
distribution pattern similar to that of PVQ neurons. In contrast, RID neurons display a
higher abundance of DCVs in the dorsal nerve cord region compared to the nerve ring
and cell body regions. Additionally, PVQL neurons exhibit more than double the
number of DCVs compared to PVQR neurons. (Experimental group = PVQL/R,
negative control = DVC, positive control = RID).

To investigate the potential link between the reduced presence of dense-core vesicles
(DCVs) in the nerve ring and neuropeptide secretion levels, my mentor, Lidia Ripoll-
Sanchez, conducted an analysis. This analysis aimed to map the neuropeptide-GPCR
pairings along RID's length to identify the putative peptidergic connections RID was
forming with other neurons (see Figure 13). It was found that neurons in the nerve ring
region had fewer GPCR receptors for RID neuropeptides compared to those in the
dorsal nerve cord, suggesting a lower demand for neuropeptide expression in RID and
thus fewer DCVs in this region. Additionally, neurons with processes in the ventral
nerve cord (VNC) were observed to have GPCR receptors for RID neuropeptides,
indicating a greater need for neuropeptide expression in this area. This could explain
the higher accumulation of DCVs in the dorsal nerve cord region of the RID neuron.

Figure 13: Location of peptidergic connections between RID and other neurons
in C. elegans. The spheres in the illustration depict the cell bodies of neurons, with
their size reflecting the quantity of neuropeptide-GPCR pairs present in each neuron.
Green-coloured neurons indicate those that express a receptor for RID, whereas
neurons marked with a white dot express a neuropeptide. Neurons shown in grey do
not express the receptor. Consequently, RID seems to establish numerous
connections with various neurons throughout the worm's body.

In the EM image slides, a section of the PVQL neuron was painted using the VAST
segmentation tool to enable 3D visualization of this region and the DCVs within it. The
rendering of a 3D image was performed by my daily mentor, Lidia Ripoll-Sanchez. As
mentioned earlier, the soma of PVQ neurons, which include PVQL and PVQR, are
anatomically situated in the left and right lumbar ganglia in the tail region, respectively,
and extend their neuronal processes anteriorly towards the nerve ring. The
visualization included a portion of the cell body and the VNC region.
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Figure 14. A 3D visualization of a part of the cell body and ventral nerve cord
(VNC) region in PVQL neuron with highlighted DCVs. PVQL neurons, located in
the left lumbar ganglia in the tail region, extend their processes anteriorly towards the
nerve ring. The DCVs observed in the cell body region were concentrated in the region
extending into the neuronal process. The DCVs in the VNC neuronal processes were
clustered together in neuronal boutons. DCVs in the cell body are denoted by yellow
circles, while those in the VNC by pink circles.

In the cell body region, several of the DCVs are present localized to the region
extending into the neuronal process of PVQL. This suggests transportation of DCVs
from the cell body towards the neuronal processes in the VNC. This indicates a
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dynamic process of DCV trafficking from the cell body to the neuronal process of the
neuron.

Although it is difficult to locate the DCVs in the VNC region due to poor resolution
caused by the zoomed-out image, itis evident that the DCVs in this area also frequently
form clusters and are present in neuronal boutons. This visualization provides insights
into the spatial distribution of DCVs within different regions of the PVQL neuron.

4. A CRISPR knock-in strain was designed for fluorescence-based
visualization of DCVs

Visualizing endogenously expressed dense-core vesicles (DCVs) in a cell-specific
manner enables the study of their movement, distribution, and density within specific
neurons in real-time. Understanding these aspects of DCV dynamics allows us to
investigate the anatomical aspects of peptidergic signalling in PVQ neurons.

To achieve this, we designed a strain to facilitate DCV visualization by fluorescently
labelling the DCV marker protein IDA-1. IDA-1 is a transmembrane receptor tyrosine
phosphatase-like protein found on DCVs, potentially playing a role in the regulation of
DCYV trafficking and secretion (Zahn et al., 2004b). For this study, IDA-1 was tagged
with a bright green fluorescent protein, mNeonGreen, at its cytosol-facing C-terminal
(Hostettler et al., 2017; Zahn et al., 2004a), allowing for real-time visualization of DCVs
within neurons.

The donor template design for the CRISPR-based knock-in was developed to maintain
endogenous expression levels of IDA-1 while incorporating the fluorescent tag. This
design isillustrated in the figure below (Figure 15). In this design, a Cre-LoxP approach
is used to label IDA-1. LoxP recognition sites flank parts of the last intron, the last exon,
and the STOP codon of the IDA-1 gene. Following this sequence is the gene for
mNeonGreen, preceding the STOP codon (Figure 15(B)). Expression of Cre
recombinase in specific neurons results in the excision of the LoxP-flanked sequence,
thereby allowing the expression of IDA-1 fused with the fluorescent tag on DCV
surfaces (Figure 15(C)).

This knock-in strain, named PHX9058, was developed in collaboration with Suny
Biotechnology, a commercial gene editing service provider. For cell-specific DCV
labelling, a plasmid containing Cre recombinase under the control of a cell-specific
promoter can be introduced.

In cases where a strong, specific promoter is not available for the neuron of interest, a
dual recombinase approach can be employed. This involves using two plasmids
carrying Flp and Cre recombinase genes, each under the control of promoters with
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overlapping expression patterns, thus implementing an "AND" gate strategy for cell-
specific gene expression (Ge et al., 2020).

(A) WT IDA-1 sequence

3'UTR
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(B) CRISPR knock-in template
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Figure 15: The design of a knock-in strain (PHX9058) for endogenous and cell-
specific labelling of DCVs. (A) The wild-type C. elegans genome has a single copy
of the IDA-1 gene on chromosome lll, consisting of a series of 12 exons, encoding a
type-1 transmembrane protein. (B) The CRISPR knock-in strain has LoxP recognition
sites flanking a part of the last intron, the last exon, and the STOP codon. (C)
Expression of Cre recombinase cleaves out the floxed region, allowing expression of
a fusion protein of IDA-1 and mNeonGreen.

To validate the functioning of the obtained strain, a plasmid carrying Cre recombinase
under a pan-neuronal promoter was expressed (Figure 16). This was carried out by
my daily mentor, Jun Meng. A bright green fluorescence was observed in the expected
regions—the nerve ring region in the head, the tail ganglia at the posterior end, and
along the dorsal and ventral nerve cord regions—confirming the effective tagging of
IDA-1 and its expression in the neurons.
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Figure 16: Visualization of fluorescently tagged DCVs in all the neurons of C.
elegans. Expression of Cre recombinase under a pan-neuronal promoter in strain
PHX9058 resulted in bright green fluorescence (A) in the nerve ring, (B) in the talil
ganglia, and the dorsal and ventral nerve cords. This confirms effective tagging of IDA-
1 with mNeonGreen and successful visualization of dense-core vesicles (DCVS) in
neurons.
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Discussion

1. Neuropeptidergic signalling in PVQ neurons may play a role in forward
locomotion.

Locomotion is one of the major behavioural outputs of the nervous system. Important
signalling molecules, such as neuropeptides, modulate a diverse range of behaviours
in C. elegans, including locomotion. Therefore, in this study, we expected that the
disruption of neuropeptidergic signalling in PVQ neurons would ultimately present a
behavioural phenotype related to locomotion (Chang et al., 2015b; Choi et al., 2015).
In this project, we explored the role of extrasynaptic signalling in PVQ neurons through
a spontaneous locomotion assay of egl-3 knockout worms.

It was observed that the knockout mutant worms showed a 50% reduction in body
bends/minute compared to the negative control worms, the egl-3 floxed strain.
However, the reversal frequency did not differ between the knockout mutant worms
and the negative control worms. This indicates that the loss of neuropeptidergic
signalling in PVQ neurons affects forward locomotion in C. elegans. This is in
consensus with a previous study by Ripoll-Sanchez et al., that developed a draft
connectome for neuropeptidergic signalling in C. elegans.

As mentioned previously, PVQ neurons are predicted to form many connections with
neurons belonging to the classes URX, PQR, BAG, BDU, VB and DB. The neuron
classes VB and DB are motor neurons that innervate the ventral and dorsal body wall
muscles, which play an important role in forward locomotion and proprioception. In
fact, VB and DB class of neurons are involved in the propagation of body bending
signals during locomotion (Wen et al., 2012). They are activated by ventral and dorsal
bending of an anterior body region, which is followed by the propagation of the bending
signal by these neurons in the posterior direction (Wen et al., 2012). Therefore, we
hypothesize that disrupting neuropeptidergic signalling in PVQ neurons interferes with
propagation of bending signals by VB and DB neurons, which produces the
behavioural phenotype of reduced body bends during forward locomotion.

Previous studies have indicated that PVQ neurons are involved in the guidance of
axons during the development of VNC in the embryo (Garriga et al., 1993). PVQ class
of neurons were also found to be involved in a head-tail-head temperature acclimation
circuit. This neural circuit regulated gut fat storage and is comprised of ASJ head
thermosensory neurons, PVQ tail interneurons, and RMG head interneurons
(Motomura et al., 2022). Finally, in another study, it was found that during sexual
behaviour in C. elegans, PVQ neurons are targeted by sex-specific neurons (HSN in
hermaphrodites and CEM, MCM and EF in males). This indicates that PVQ neurons
may be involved in controlling locomotion and integrating sexual and sensory pathways
during sexual behaviour in both the sexes.
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Our findings indicate that neuropeptidergic signalling in PVQ neurons is essential for
forward locomotion. PVQ neurons were found to be involved in regulating the
frequency of body bends during spontaneous locomotion in C. elegans, likely through
their influence on the propagation of bending signals by VB and DB motor neurons.

However, as discussed in the results section, this interpretation is based on preliminary
behavioural analysis. To obtain objective and quantitative data, followed by thorough
analysis, the locomotion assays need to be redone. The redesigned experiment should
include the following changes:

1. Record behaviours for all control groups: negative control (egl-3 floxed strain),
positive control (pan-neuronal egl-3 knockout strain), a strain that only
expresses the PVQ driver construct and wild-type control.

2. Conduct behavioural recordings for all strains, both experimental and control
groups, on the same day and across multiple days as biological replicates.

Additionally, it would be valuable to investigate how a reduction in body bend frequency
impacts forward locomotion speed and to test for other locomotion-related phenotypes.
Moreover, since PVQ neurons are believed to form strong peptidergic connections with
neurons involved in oxygen sensing circuits, exploring related behavioural phenotypes
would also be interesting.

2. PVQ neurons show the anatomical characteristics of a peptidergic
neuron.

Electron microscopy produces high-resolution images that enable the examination of
a neuron's ultrastructural details. In this research, the neuron classes PVQ, RID, and
DVC were annotated for dense core vesicles (DCVs) within an EM dataset obtained
from worms in the L1-L2 transition stage (Witvliet et al., 2021; Mulcahy et al., 2018).

It was observed that DCVs had different distribution patterns across these neuron
classes. In PVQ neurons, DCVs were plentiful in the nerve ring region and the ventral
nerve cord, with some present in the cell body area. This aligns with Ripoll-Sanchez et
al.'s findings, which showed that PVQ neurons form a dense network of connections
with other neurons in the short-range network of the nerve ring region. A high number
of connections in the putative neuropeptidergic connectome suggests a greater need
for neuropeptidergic signalling in the area, therefore requiring the accumulation of
DCVs there. The DVC neuron class displayed a similar DCV distribution pattern to
PVQ neurons but had fewer overall DCVs, possibly due to forming fewer putative
peptidergic connections compared to PVQ neurons (Ripoll-Sanchez et al., 2023).

In addition to this, during the tracing and annotation of DCVs in PVQ neurons, |
observed that DCVs can often form clusters, which indicates a potential for localized
release of neuropeptides. In the nerve cord region, these clusters of DCVs were
frequently found in specific locations: around synapses; along the edges of a neuronal

37



process; and in proximity to mitochondria, which could indicate a relationship with the
energy demands of neuropeptide release. Furthermore, the clustering of DCVs might
reflect a mechanism for enhancing the efficiency of neuropeptide release, to ensure a
sufficient concentration of neuropeptides are released in the region.

Unlike PVQ neurons, RID neurons were found to have more DCVs in the dorsal nerve
cord region compared to the nerve ring region. This distribution might be explained by
a higher number of connections in the nerve cord area compared to that in the nerve
ring region. To investigate this, an analysis was conducted to map out the connections
along RID's length and to indicate whether RID sent or received these connections. It
was observed that neurons in the nerve ring region had fewer GPCR receptors for RID
neuropeptides than in the dorsal nerve cord. However, there were still enough neurons
in the nerve ring with GPCR receptors to not justify the low number of DCVs in RID's
nerve ring region. Alternatively, the RID neuronal process in the DNC may have more
DCV as there are neurons with processes in the VNC that have GPCR receptors for
RID neuropeptides. This increased distance for neuropeptide diffusion (form DNC to
VNC) necessitates a higher volume of neuropeptide expression and release, which
would require DCVs accumulation in the DNC of RID.

Interestingly, despite being a peptidergic neuron, RID had fewer DCVs compared to
PVQ neurons and DVC neuron. This might be due to the dynamic nature of
neuropeptide expression and secretion. Consequently, at the time the EM data was
collected, RID may not have been actively communicating with other neurons in the
region, resulting in the observed low number of DCVs in this data set. Similarly, the
greater abundance of DCVs in PVQL neurons compared to PVQR neurons could be
due to the higher activity level of PVQL at the time the data was collected. For instance,
movement in a specific body region might have necessitated increased activity in the
PVQL neuron.

Neurons release neuropeptides through the regulated exocytosis of dense-core
vesicles (DCVs). According to Hoover et al., motor neurons in C. elegans mainly
transport their DCVs to the axons, resulting in few DCVs remaining in the cell bodies.
Consistent with this, our study found that the three neuron classes — PVQ, RID, and
DVC — do not utilize their cell bodies to store a significant number of DCVs for
secretion.

In a study on the olfactory projection neurons (PNs) of Drosophila melanogaster,
researchers found that presynaptic active zones contained dense-core vesicles
(DCVs) and mitochondria (Yang et al., 2021). Similarly, our study observed that DCVs
often appeared around synapses, along the membrane of the neuronal boutons, and
near mitochondria. Zhao et al. demonstrated that axonal mitochondria are crucial for
neuropeptide secretion in C. elegans, requiring oxidative phosphorylation for this
process. Thus, DCVs may cluster near mitochondria because the mitochondria provide
the energy necessary for DCV secretion. A similar observation was made in C. elegans
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by Witvliet et al., noting that presynaptic swellings were characterized by DCVs,
mitochondria, and cadherin-like junctions between pre- and postsynaptic partner cells.

The 3D visualization of the PVQL neuron and the distribution patterns of DCVs offer
significant insights into the spatial organization of DCV in different neuronal regions.
Future research should focus on expanding our understanding of DCV dynamics.

Firstly, it is essential to collect data on the distribution of synapses and presynaptic
active zones along the full length of the neurons. Identifying whether synapses are
present or absent in particular regions could indicate areas specialized for synaptic
input. Additionally, this information will be valuable for investigating the mechanisms
underlying DCV release in this region.

Additionally, obtaining quantitative data on the distribution of DCVs near synapses,
mitochondria, and along the membrane would provide valuable insights into the
relationship between DCV localization and neuronal function.

3. Visualization of dense-core vesicles in neurons using fluorescently
tagged IDA-1 in C. elegans

In this study, we have developed a novel approach for visualizing DCVs within specific
neurons in real-time, employing fluorescent labelling of the DCV marker protein IDA-1.
By strategically tagging IDA-1 with the bright fluorescent protein mNeonGreen, we
have enabled the visualization of DCVs in neurons, facilitating the study of their
movement, distribution, and density.

The use of a Cre-LoxP approach allowed for cell-specific expression of the tagged IDA-
1 protein at endogenous levels.

Visualizing DCVs in worms at various stages of their life cycle can provide insights into
how they are distributed within neurons during different developmental phases,
allowing us to overcome limitations of data obtained from tracing EM images. While
EM images capture DCV distribution in a particular developmental stage, with the IDA-
1 strain, the dynamic nature of peptidergic signalling through DCVs can be captured
across different developmental stages. This approach enables investigation of
changes in DCV distribution and dynamics throughout development, shedding light on
the mechanisms underlying peptidergic signalling modulation during different
developmental stages.

The expression of Cre recombinase under a pan-neuronal promoter was used to
confirm the functionality of our approach. The observed bright green fluorescence in
expected neuronal regions demonstrates successful tagging of IDA-1 and its
expression within neurons, validating our strategy for visualizing DCVs in neuronal
tissue. This approach is similar to previous methods such as that employed by Lim et
al.,, where DCVs were visualized by exogenous expression of an IDA-1.::mCherry
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fusion protein in the neuronal class, RID. In that study, DCVs were observed to
periodically accumulate at specific locations along the RID neuronal process, forming
a pearling pattern.

In the future, the IDA1 knock-in strain for visualizing dense-core vesicles (DCVs) could
be used to explore several exciting research questions in the field of neurobiology.

Using this approach, specific subsets of neurons could be targeted using cell-specific
promoters or by using dual recombinase strategies. This would enable us to study the
variation of DCV dynamics across different neuronal populations.

Secondly, time-lapse studies of this strain would allow the observation of DCV
dynamics throughout the life cycle of worms. This could uncover novel insights into the
regulation of peptidergic signalling during worm development. By tracking changes in
DCV distribution and density at different developmental stages, allowing us to study
changes in peptidergic signalling during development-related changes in C. elegans.

Finally, by visualizing and observing the movement of DCVs in real-time, we can gain
deeper insights into DCYV trafficking and release in neurons.
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Conclusions

This thesis has provided novel insights into the role of neuropeptidergic signalling in
PVQ neurons and their impact on locomotion in C. elegans. Through this research
project, our findings have enhanced our understanding of neuropeptidergic
connectomics.

Our findings indicate that neuropeptidergic signalling in PVQ neurons plays a role in
regulating forward locomotion. Using a spontaneous locomotion assay with egl-3
knockout worms, we observed a 50% reduction in body bends per minute compared
to the control group. This reduction highlights the significant role of PVQ neurons in
modulating forward locomotion, likely through their influence on the propagation of
bending signals by VB and DB motor neurons.

Furthermore, anatomical studies using electron microscopy revealed that PVQ
neurons display the characteristics of peptidergic neurons, with a strong presence of
dense core vesicles (DCVs) in the nerve ring region and the ventral nerve cord. The
clustering of DCVs around synapses and mitochondria suggests possible mechanisms
for efficient neuropeptide release.

The design of a novel method for visualizing DCVs in neurons through the fluorescent
tagging of marker protein IDA-1 will allow us to study the dynamics of DCVs in real
time, in different neuronal populations and across worm developmental stages.

In conclusion, this thesis advances our knowledge of the functional and anatomical
aspects of neuropeptidergic signalling in PVQ neurons and their role in locomotion.
These findings lay the groundwork for future research to understand the broader
implications of neuropeptidergic modulation in neural function and behaviour.
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Appendix

1. Risk analysis

1.1. General

These experiments were carried out in s laboratory of biosafety level 1, working with
non-pathogenic organisms: C. elegans and E. coli OP50. While doing the experiments
in the laboratory, wearing a lab coat and gloves were necessary. The lab coat was not
to be used in areas with food and/or drinks. Additionally, food, drinks, and smoking
were prohibited in the lab. Hands should be washed with soap and water when leaving
the lab. When using the laminar air flow hood, the gloves, and materials to be used
were disinfected with 70% alcohol. Waste generated had to be sorted into the
appropriate containers. Solid biohazardous waste was to be disposed in the yellow
waste cardboard box with the yellow plastic bag inside. Any sharp objects to be
discarded, such as needles, were disposed in the designated containers.

1.2. Products
1.2.1. GelRed

To stain DNA during gel electrophoresis, GelRed is used. However, its risks are not
fully understood, so physical contact must always be avoided. No materials from the
gel electrophoresis room can be removed. A lab coat with a red collar and gloves are
designated for use in this room.

1.2.2. CaClz

CacClz can be an irritant to the eyes, so eye and face protection are required. If contact
occurs, rinse with water for several minutes.

1.2.3. EtOH

Ethanol is highly flammable and can cause eye irritation. It should be stored in a closed
container away from heat.

2. Solutions and Buffers

21. 1M MgSO4

To prepare 200mL of 1M MgSOa4 solution, dissolve 49.3g MgSO4 (246.5g/mol) in Milli
Q water up to 200mL in a 500mL Duran bottle. Swirl gently to homogenize and
autoclave. Under laminar flow, aliquot into 50mL Falcon tubes.
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2.2. 1M CaCl2

To prepare 200mL of 1M CacCl: solution, dissolve 147g CaClz (147.01g/mol) in Milli Q
water up to 200mL in a 500mL Duran bottle. Swirl gently to homogenize and autoclave.
Under laminar flow, aliquot into 50mL Falcon tubes.

2.3. 5mg/mL Cholesterol

To prepare 200mL of 5mg/mL cholesterol solution, dissolve 1g cholesterol
(386.65g/mol) in 100% EtOH up to 200mL in a 500mL Duran bottle. Swirl gently to
homogenize and autoclave. Under laminar flow, aliquot into 50mL Falcon tubes.

2.4. 1M P Buffer

To prepare 200mL of 1M P buffer, dissolve 21.77g KH2PO4 (136.09g/mol) and 6.97¢g
K2HPO4 (174.18g/mol) in Milli Q water up to 200mL in a 500mL Duran bottle. Swirl
gently to homogenize and autoclave.

2.5. 2xTY Medium Broth

To prepare 200mL of 2xTY medium broth, dissolve 3.2g Bactotryptone, 2g yeast
extract, and 1g NacCl (58.44g/mol) in Milli Q water up to 200mL in a 500mL Duran
bottle. Swirl gently to homogenize and autoclave.

2.6. 50x TAE Buffer

To prepare 1L of 50x TAE buffer, dissolve 242g Trizma base (121.14g/mol) and 18.61g
disodium EDTA (372.24g/mol) in 700mL AD water in a plastic bottle. Stir until
dissolved, then add 57.1mL acetic acid (60.05g/mol) and swirl gently to homogenize.
Add AD water up to 1L.

2.7. Bleach solution (1mL)

To prepare 1mL of bleach solution, mix 500uL 1M NaOH with 500uL household bleach
(5% sodium hypochlorite).

2.8. PCR Template Buffer
To prepare 100mL of PCR template buffer, mix:

1mL of 1% gelatin

5mL of KCI

0.25mL of 1M MgCl2

1mL of 1M Tris in HCI (pH 8.3)
4.5mL of 10% NP-40

4.5mL of 10% Tween 20
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2.9. S Basal

To prepare 200mL of S basal, dissolve 1.17g NaCl, 1.2g KH2PO4, and 0.2g K2HPOa4 in
Milli Q water up to 200mL in a 500mL Duran bottle. Swirl gently to homogenize and
autoclave.

3. Plasmids

The plasmid pJH4237 was a gift from Mei Zhen (Addgene plasmid # 191538;
http://n2t.net/addgene:191538; RRID: Addgene_191538). It was used to express Cre
recombinase in a cell-type specific manner.

pJH4237 Ptwk-40s::Cre unc-54 3' UTR C. elegans Addgene plasmid #
for Cre/Lox 191538

pJH4237

] 6050 bp

extra DNA from sequencing
ozm1718

Figure 17: The genetic map of plasmid pJH4237 (Lu et al., 2022). This plasmid is
utilized to express Cre recombinase in a cell type-specific manner. The promoter
sequence Ptwk-40 is flanked by restriction sites, allowing for its removal and
replacement with a promoter of interest. (Ptwk-40: promoter sequence of the twk-40
gene, nCre: Cre recombinase, AmpR: Ampicillin resistance gene).

4. Promoter sequence for nlp-17.

The DNA sequence for the promoter of nlp-17 gene (298bp) was obtained from the
Frakjeer-Jensen Lab (AlHarbi & Frakjeer-Jensen, 2023).
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WormBase ID Gene Promoter sequence (modifications in upper case,
name consensus start site in bold)

WBGene00003755 nlp-
17

actttgatgtttcaaaagttttcctaatctatatgttttttcgcagcctatt
atctcaaaaacttattatttatttatttatctaggttattacgggaatggat
gagggggtgacgtttitgagtttitgagtcgcacttaattagaaaagctata
taataactctagatataattactcgActcacttaatagccttgatagctcgc
tataattgaaatataaatagtgagatgagccatttaaatcgacatttcgaga
cttttttctcgcgaaaaagtcaggctttttcacaga <b>aaaaATG
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