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Abstract 

Glial cells are essential components of both human and invertebrate nervous systems, 

including in the fruit fly, Drosophila melanogaster. Historically, research has focused 

more on neurons, with glia and their role in synaptic plasticity being somewhat 

overlooked. It is generally accepted that synaptic plasticity requires messenger 

ribonucleic acid (mRNA) and proteins localising at synapses, but the role of glia and 

mRNA localisation within glia in this process has been comparatively overlooked, 

despite the knowledge of their close association with synapses. 

In recent research from the Davis laboratory, high-resolution microscopy was utilised 

to investigate mRNA and protein expression patterns in the larval nervous system. 

One common single molecule fluorescence in situ hybridisation (smFISH) probe was 

designed against the Yellow Fluorescent Protein (YFP) mRNA sequence of 200 

Drosophila YFP fusion lines, allowing for the simultaneous detection of the reporter 

YFP protein and its mRNA within them. This study identified 19 mRNAs believed to 

be localised in the neuromuscular junction (NMJ) glia. This thesis aims to determine if 

these mRNAs and their corresponding proteins are indeed in the NMJ glial cells 

protrusions and if they play a role in regulating synaptic plasticity of the nearby motor 

neurons. 

In Chapter 3, I verified that mRNAs of 18 of these transcripts are localised in the NMJ 

glial protrusions. Some were predominantly glia-specific, while others were also found 

in surrounding muscle. In Chapter 4, I evaluated the effects of knocking down these 

18 mRNAs in glia using an RNA interference (RNAi) candidate screen. Some 

knockdowns led to NMJ defects, anatomical abnormalities, and, in a few cases, 
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lethality. A crawling impairment phenotype was observed only in the Lachesin (Lac)-

RNAi larvae, making Lac a gene of significant interest. 

In Chapter 5, I investigated the role of Lac in NMJ glia. Lac mRNA localises to specific 

and targeted NMJ glial structures, while in Lac-RNAi NMJs, the glial projections are 

disordered and aimless. I determined that the area occupied by Lac::YFP protein 

decreases after an assay which induces synaptic plasticity, similarly to glial area in 

control NMJs, and the axon terminal projection area stays constant. In Lac-RNAi 

larvae, the glial area does not decrease, and the neuronal area increases, suggesting 

a zero-sum game where the glial and neuronal projection areas at the NMJ exist in a 

conditional equilibrium. Lac mRNA preferentially associates with the glial and Blood-

Brain Barrier (BBB) areas of the NMJ, and the knockdown of Lac in the subperineurial 

glia, which form the BBB in Drosophila, causes the most severe phenotype of all glial 

subtypes when comparing to the knockdown in all glia. Lac deficiency at the periphery 

of NMJ glial cells resulting in aberrant glial cell morphology could lead to altered 

synaptic plasticity in motor neurons and result in aberrant locomotor behaviour due to 

disruptions in glia-neuron communication, the BBB function and maintenance, altered 

neurotransmitter homeostasis, and changes in synaptic strength.  

In summary, my thesis offers evidence suggesting that glial cell projections closely 

associated with synapses actively participate in the regulation of the synaptic plasticity 

happening at these synapses, and such control might be exerted through mRNA 

localisation of specific transcripts to the glial periphery. I anticipate that this thesis 

could serve as a valuable reference for subsequent studies on other proteins whose 

mRNAs might be localised to the glial periphery, possibly specifically ones related to 

BBB maintenance and formation. 
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1 Introduction 

Throughout history, the anatomical residence of the human soul – the entity 

considered to contain all thoughts, emotions, and consciousness of a person – has 

been a subject of heated philosophical discussion. In ancient Egypt and traditional 

Chinese philosophy, it was thought to reside in various body organs like the heart or 

liver, while various Greek philosophers, like Herophilus, considered the soul to be 

contained to ventricles in the brain [3]. Descartes thought it was the pineal gland which 

hosted the soul [4].  

What drove this human fascination with the location or essence of the soul? If the soul 

embodies what defines us as individuals, our pursuit might be fuelled by an urge to 

understand, preserve, or even recover this essence in instances of illness or trauma. 

Thanks to famous, and often tragic cases, like that one of Phineas Gage, scientists 

learned of the connection between the brain and all that “makes” a person: memories, 

personality, behaviour. Gage was a railroad worker who survived an accident where 

an iron rod was driven through his head, destroying large parts of his brain. He 

miraculously survived this accident, but his character and conduct were permanently 

altered. His story was among the pioneering instances highlighting the brain's pivotal 

role in shaping human identity, positing it as the seat of our consciousness and 

essence [5]. Not only that - the questions his story raises are far from antiquated, 

especially when faced with the devastating effects of neurodegenerative diseases, 

which strip away facets of our identity. 

With the progress of research, both in the disciplines of neuroscience and cell biology, 

neurons emerged as the major group of cells which make up the brain [6]. The 

morphology and structure of those cells, as well as their interconnectivity, became 
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points of interest in the attempt to understand how the brain works. A focal point of 

this search was, and continues to be, the struggle to connect the basic biology of 

neurons and, therefore, the brain, to its emergent properties, like consciousness, 

movement, capacity to learn, memory formation, and the ability to experience 

emotions. In particular, the properties of synapses have always been of interest in this 

context [7].  

Why specifically synapses? Key to neuron interconnectivity and circuit formation, 

synapses are the sites of communication between neurons. Neurotransmitters 

released from active zones relay varying messages across the synaptic cleft, leading 

to the excitation or silencing of the next neuron, which receives these signals through 

its own end of the synapse, the postsynaptic density [8]. Thus, synapses serve as 

intricate junctions with vast potential to influence subsequent neurons, which can be 

likened to crossroads, where a single synapse can give rise to a myriad of outcomes. 

The formation of new synapses, and the alteration or removal of existing ones, are the 

processes thought to be underlying learning and memory formation, in the 

phenomenon called synaptic plasticity [9]. Processes like long-term potentiation (LTP) 

or long-term depression (LTD) lead to persistent increase or decrease, respectively, 

of signalling between neurons [10]. Both are underlain by countless changes requiring 

the prompt alteration of the neuronal molecular repertoire of the synapse, often 

involving rapid protein synthesis, enabled by messenger ribonucleic acid (mRNA) 

localisation [11]. The progress of research on synaptic plasticity currently allows us to 

better understand the formation of neural circuits and their subsequent function in 

memory formation or emotional processing, all of which brings us closer to 

understanding the molecular basis of personality [9]. 
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Is a synapse merely a conversation between two neurons, then? Despite the fact that 

synapses have been known since the dawn of 19th century [12], a significant omission 

continued to be made in how neuroscientists thought about them. It was only about 

20 years ago when the term “tripartite synapse” has been coined to describe a 

synapse formed not only by the active zones and the postsynaptic density, but also 

the synapse-associated glial cells [13]. The role of glia in nervous system function was 

not fully appreciated, and indeed was usually dismissed for many years. However, a 

series of papers in the last decade of the 20th century made significant discoveries 

regarding the synaptic roles of those glial cells – mainly astrocytes, in the Central 

Nervous System (CNS) and Perisynaptic Schwann Cells (PSCs) in the Peripheral 

Nervous System (PNS) [13]. Their discovered roles are extremely broad and well 

characterised on a molecular level, and many appear key in supporting neuronal 

synaptic plasticity. To name just a few, these include calcium-dependent 

neurotransmitter release, astrocyte to neuron signalling and modulation of synaptic 

transmission and synaptic networks, all of which have been extensively reviewed [13-

19]. However, many of the molecular mechanisms for the roles of astrocytes and PSCs 

in synaptic function are still unclear and the roles of other glial subtypes in synaptic 

function remain poorly understood. Could glia, much like neurons, utilise mRNA 

localisation and local translation to influence synaptic plasticity of their neighbouring 

neurons? 

1.1 What are the roles of different glial cells in synaptic plasticity? 

Discovered in the late 19th century by Rudolf Virchow and considered to be the brain’s 

“support cells” for nearly a century, glial cells are now known to be anything but 

passive [20]. They contribute substantially to the maintenance of the neural circuitry 
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and homeostasis, thus enabling the formation and upkeep of the architecture which 

permits the brain to function [21].  

How do glial cells exert such substantial influence? It happens largely due to their 

diverse specialised subtypes, each with distinct morphologies, strategically positioned 

within the nervous system. In mammals, there are multiple known glial subtypes, with 

variations between those in the CNS and the PNS. In the CNS, the most numerous 

cell type are astrocytes, so named because of their star-shaped morphology [22] 

(Figure 1-1). These cells are responsible for the formation of the Blood-Brain Barrier 

(BBB). This enables the maintenance of the neuronal homeostatic environment by the 

control of neurotransmitter reuptake and release, and the neuronal Ca2+ levels [13]. 

The two specialised subtypes of astrocytes, the Bergmann glia of the cerebellum and 

the Müller glia in the retina, are responsible for synaptic pruning in early cerebellar 

development and homeostatic maintenance of retinal cells, respectively [23, 24]. 

Oligodendrocyte lineage and precursor cells are responsible for the myelination of 

CNS axons, both in the context of development, but also nerve repair [25]. Microglia 

are the immune cells of the brain, responding to injury, infection, and inflammation 

[26]. Finally, ependymal cells produce the cerebrospinal fluid, and tanycytes and 

pituicytes are also thought to participate in the formation of the BBB, with roles in 

regulating neuroendocrine responses [27, 28]. 

In the PNS, Schwann cells are the equivalent of oligodendrocytes (Figure 1-2). 

Myelinating and non-myelinating (Remak) Schwann cells myelinate or wrap the PNS 

axons, respectively, and can become reactive and multiply to respond to injury [29]. 
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Figure 1-1 Illustration of mammalian glial cell types in the CNS  

In the CNS, the major subtypes of glia are astrocytes, with specialised subtypes including Bergmann 

glia in the cerebellum and Müller glia in the retina, oligodendrocytes and their precursors, microglia, 

ependymal cells, tanycytes, and pituicytes. During development in the CNS, radial glia are present and 

differentiate into both neurons and certain glial subtypes.  

Terminal Schwann cells, also called PSCs, are a subtype of Schwann cells which 

extends cytoplasmic protrusions to the neuromuscular junction (NMJ) synapse, 

actively participating in the control of its plasticity and function [30]. Satellite glia reside 

in sensory ganglia, where they aid with the neuronal signal transmission [31]. Lastly, 

enteric glia are a do-it-all cell type present in the digestive system ganglia, where they 

control the enteric nervous system homeostasis and intestinal reflexes, as well as 

monitor the neuroinflammation of the digestive system [32].  
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Figure 1-2 PNS glia 

In the PNS, there are several subtypes of Schwann cells, such as myelinating and non-myelinating 

Schwann cells (also known as Remak Schwann cells) and perisynaptic/terminal Schwann cells. In 

addition, satellite glia surround the cell bodies of neurons in ganglia, and enteric glia (which may be 

considered a subtype of Schwann cells) can be found in the enteric nervous system. 

What biochemical mechanisms underpin glial roles in synaptic plasticity? Though the 

general roles of the aforementioned glial cells are known, their specific molecular 

involvement with the regulation of synaptic plasticity is still poorly understood. Through 

insights such as the knowledge that mechanical stimulation of astrocytes results 

in increased neuronal Ca2+ levels, it is known that glia directly affect neuronal synaptic 

plasticity [33]. It is much harder to decipher how exactly these processes occur on a 

molecular level, and what are the consequences for synaptic plasticity if the correct 

function of the glia is disrupted, as in motor neuron or neurodegenerative diseases 

[34]. In the following sections, I will aim to briefly discuss what details are available 

regarding these functions of glial cells in neuronal synaptic plasticity. Where known, I 
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include details of studies concerned with the glial peripheral molecular repertoire, with 

the particular emphasis on mRNAs present locally close to synapses, and far away 

from the glial cell bodies. 

1.1.1 Astrocytes - highly dynamic stars of synaptic plasticity 

Astrocytes are among the most studied glial cell subtypes due to their known roles in 

synaptic plasticity and BBB formation. These cells, much like neurons, have long 

cytoplasmic projections, which are highly plastic and, depending on their environment, 

can undergo adaptive remodelling. Like neurons, the distal processes contact many 

distinct synapses and respond locally, independently, and at a long distance from the 

cell body [35, 36]. Astrocyte endings near synapses can produce phagocytic 

protrusions and physically interfere with the synaptic terminals [16, 17]. Astrocytes can 

also release neurotransmitters; both in cultured astrocytes, and in acutely isolated 

hippocampal slices, and Ca2+-dependent glutamate release has been observed [13, 

33]. Astrocytes also play metabolic and homeostatic roles important for plasticity. 

Mechanical, electrical and biochemical stimulation of astrocytes results in measurable 

changes in the functioning of the neighbouring neurons [13]. These observations give 

a clear indication that astrocytes sense and respond, with such responses having 

direct consequences on neuronal function. The roles of astrocytes in the modulation 

of synaptic plasticity are possibly best studied and have been extensively reviewed 

[35-41].  

Many of the functions performed by astrocytes, like Ca2+-mediated cellular excitability 

and release of gliotransmitters and vesicles, have parallels in neurons. Such glial 

processes often start in a protrusion and spread through the whole cell, and could be 

explained, at least in part, by local protein synthesis at peripheral compartments 
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[42-44]. Recent studies of mRNA localisation in astrocytes support these hypotheses, 

showing that transcriptomes and translatomes of astrocyte peripheral processes 

change upon fear conditioning in mice, and demonstrating numerous localised 

transcripts and local translation at the astrocyte periphery [1, 45-50].  

1.1.2 Myelin produced by oligodendrocytes can modulate synaptic plasticity 

Like astrocytes, oligodendrocytes are also active players in synaptic plasticity and their 

level of secretion of myelin shapes brain function and plasticity [51]. Furthermore, 

there is emerging evidence that activity-dependent myelination contributes to memory 

consolidation and recall [52]. In mice, fear-learning induces precursor cells to become 

oligodendrocytes that produce myelin in the prefrontal cortex [53]. Loss of 

oligodendrocytes is a major mechanism of neurodegenerative diseases, which is 

thought to be partly abrogated by activity-dependent remyelination via new and 

surviving oligodendrocytes [54]. Oligodendrocytes have also been found to modulate 

neurotransmission and properties of the pre-synapse through secretion of brain-

derived neurotrophic factor (BDNF) and to express post-synaptic proteins, like PSD95, 

which can modulate myelin sheath formation [55, 56]. Two proteins secreted by myelin 

– oligodendrocyte-myelin glycoprotein (OMgp) and the reticulon RTN4 (Nogo) – 

suppress LTP [57]. It was also shown that some Oligodendrocyte Precursor Cells 

(OPCs) express voltage-gated sodium and potassium channels, which can receive 

signals from axons as well as produce action potentials upon depolarisation [58]. 

Interestingly, oligodendrocytes were also found to increase the conduction velocity of 

action potentials in the brain [59]. The rates of action potentials in neurons were 

shortened upon direct depolarisation of oligodendrocytes. In summary, considerable 

evidence from a variety of different studies all point to the fact that oligodendrocytes 
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have active and important roles in how information is processed in the brain, thus 

potentially contributing to plasticity underlying learning and memory. 

Myelination and myelin remodelling themselves could also be directly modulating 

plasticity. Neural activity can influence myelination; playing a computer game [60] or 

learning to juggle [61] are known to affect the structure of white matter in humans, and 

learning motor skills was found to cause changes in myelination in rodents [62], all of 

which suggests a direct interplay between myelin levels and animal behaviour. 

mRNA localisation in oligodendrocytes has been studied most extensively of all glial 

cell types and forms the basis for the mRNA localisation model in all elongated cells. 

It is discussed in detail in section 1.4.2. 

1.1.3 Microglial motility and phagocytic functions contribute to synaptic plasticity 

Microglia have been known to be involved in the modulation of synaptic plasticity for 

some time. Three roles for microglia in plasticity have been suggested: modification of 

the perisynaptic environment by extracellular matrix (ECM) proteolysis, dendritic spine 

remodelling and engulfment of dendritic spines and axon terminals [63]. Microglia-

dependent pruning of synapses during the development of the visual critical period is 

another early example of microglial plasticity [64]. Microglia are also known to respond 

to light intensity by changing the position of their processes and motility [65] and have 

been found to be indispensable for plasticity and pruning of synapses in the mouse 

visual cortex [66]. Many of the microglial roles in synapse formation and elimination 

both in health and in disease could be compared to the roles of tripartite synapse glia, 

reviewed elsewhere [26, 67-70]. 
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Interestingly, microglia were found to engulf presynaptic terminals in response to 

neural activity [64], and it has been suggested that the synapses that are destined to 

be engulfed express C3b-opsonisation, which is recognised by microglia, the only 

known CNS cells to express the C3 receptor [71, 72]. Therefore, microglia have a key 

role during triaging for synaptic pruning or maintenance of synapses, which could 

suggest that they might need rapid production of cytoskeletal proteins at their 

periphery, pointing to the need for mRNA localisation and local translation. New 

studies are starting to emerge which explore these ideas in microglia [73-77]. 

1.1.4 Radial glia control early developmental plasticity 

Radial glia are stem cells of the developing nervous system with unique elongated 

morphology supporting their roles in guiding the radial migration of new-born neurons. 

They are also known to differentiate into various types of CNS cells, such as neurons, 

astrocytes and oligodendrocytes [78]. Radial glia are known to utilise polarised mRNA 

transport within their specialised radial morphology adapted to support neuronal 

migration [79]. It is also possible that radial glia locally regulate various facets of 

neuronal development, including synapse formation [73]. N-Cadherin accumulates at 

the site of interaction of radial glia with cortical neurons, and axons project at the 

opposite side of the neuron from the contact site [80]. It seems reasonable to 

hypothesise that these polarisation events involve mRNA transport and localised 

translation in both the glia and the neuron for the purpose of synaptic plasticity 

regulation. 

1.1.5 Müller glia participate in retinal synaptic plasticity 

A subtype of radial glia, called Müller glia, are the most common glia in the vertebrate 

retina which persist into adulthood [81]. In contrast to radial glia, Müller glia are born 
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much later in the retina, only after the first types of neurons are already present [82]. 

Müller glia can also dedifferentiate to become actively dividing neuronal progenitors 

[83]. Interestingly, Müller glia have a wide range of functions equivalent to those of 

oligodendrocytes and astrocytes in other contexts. These roles include: control of free 

radicals, gliotransmitter release, uptake and recycling of neurotransmitters and 

potassium homeostasis, all of which could suggest their involvement in synaptic 

plasticity in the retina [24]. 

Müller glia have extensive cytoplasmic projections that interact closely with microglial 

and neuronal projections. Several proteins have been shown to localise specifically to 

the apical ends of Müller glial projections, including GLUT2, a facilitated-diffusion 

glucose transporter isoform [84]. Pals1, a protein associated with Lin seven 1 (also 

known as Mpp5, MAGUK p55 subfamily member 5), was shown to be necessary for 

the correct localisation of Crumbs gene family group members to the sub-apical region 

of Müller glia [85]. Two studies also addressed mRNA localisation in Müller glia, and 

they both identified glial fibrillary acidic protein (GFAP) transcripts in Müller glia 

processes [86, 87]. 

1.1.6 Bergmann glia modify plasticity in the cerebellum 

Bergmann glia are another subtype of radial glia. These glia can also be considered 

to be a specialised type of astrocytes, given their extensive arborisation [81]. These 

cells, also known Golgi epithelial cells or radial astrocytes, are in direct contact with 

Purkinje cells in the cerebellum. Purkinje cells play important roles in regulating motor 

movement and have some of the most extensive cytoplasmic neurite branching of any 

neuronal cell. 
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Interestingly, both Bergmann and Müller glial cells were shown to express multiple 

glutamate and other receptors, which are known to have synaptic localisation[88, 89]. 

Furthermore, activating these receptors with glutamate treatment in cell culture leads 

to changes in receptor gene expression levels [90]. Bergmann glia have processes 

containing Gamma-Aminobutyric Acid type A (GABAA) receptors and wrap around 

inhibitory synapses, suggesting that Bergmann glia sense GABAergic synaptic 

function [91]. Selective animal behaviours were also shown to modify Bergmann glial 

networks [92]. All of this presents both Bergmann and Müller glial cells as potential 

active players in the modulation of synaptic efficacy and plasticity, in which local 

protein synthesis could play a role [93]. 

1.1.7 PSCs respond to and modulate neuromuscular plasticity 

PSCs have been known to be present near NMJ synapses since the 1960’s [94]. PSCs 

are thought to be required for synaptic stability and plasticity, but the details of the 

molecular mechanisms by which they achieve such functions remain poorly 

understood. During development, PSCs guide the growing nerve and are likely to be 

responsible for the long-term maintenance of NMJ synapses. Furthermore, PSCs 

allow the NMJ to adapt to muscle activity, and to participate in nerve regeneration after 

injury. Interestingly, PSCs can become phagocytic when nerves are injured to clear 

debris, and form “bridges” along which the neuron endings can grow to reinnervate 

the muscle. They also influence synaptic transmission through purinergic and 

cholinergic activity and can phagocytose competing nerve terminals to “favour” one 

synaptic connection over another. More specific roles of PSCs have been previously 

reviewed [30, 95-98].  
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PSCs are capable of inserting cytoplasmic finger-like processes into the synaptic cleft, 

causing a blockage that weakens the nerve-muscle interaction [99]. These processes 

could be using an already existing and readily available pool of protein. Alternatively, 

the glial cytoplasmic projections could be dynamic and plastic, in response to mRNA 

transport and localised translation of mRNAs encoding key proteins. While, to date, 

no localised transcriptomic studies have been conducted on PSCs, bulk mRNA 

sequencing of fluorescence-activated cell sorting (FACS)-sorted PSCs has revealed 

that many of the transcripts present in those cells encode proteins involved in the 

modulation of synaptic activity and myelination [100]. 

1.2 Studying neuron-glia interactions: the challenges 

Many studies referenced in prior sections predominantly use mammals or cell cultures 

as their primary research models. This presents challenges; cell cultures may not 

always reflect physiological conditions, and mammalian models, due to their cellular 

complexity, can be challenging to dissect, particularly when differentiating between 

densely packed similar cell types.  

How to best examine the roles of not only individual glial cells, but maybe even 

individual molecules in those cells, in regulating plasticity? The introduction of single-

cell transcriptomics and spatial transcriptomics marked significant progress in 

distinguishing various glial subtypes and emphasizing the differences between them 

[101-103]. Researchers can gain valuable insights into the distinct molecular 

signatures of glial cell types and the variations in their transcriptional programs through 

such methods. However, these studies have their limitations: notably, they do not 

capture data on transcripts in glial processes, which are lost during the tissue 

disaggregation needed for individual cell body separation [104]. Existing techniques 
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also fall short in terms of sensitivity, coverage, resolution, and the ability to 

simultaneously detect mRNA, its protein, and other structures of interest in individual 

cells, particularly across complex tissues. Current sequencing-based spatial 

transcriptomics techniques also can not differentiate between the individual glial cell 

processes in intact nervous systems. Since most of the glial cytoplasm resides in 

projections, high-resolution imaging methods, such as single molecule fluorescence 

in situ hybridisation (smFISH), are crucial to determine the mRNA profiles present in 

glial cell projections. 

Drosophila, with its fewer cells, provides a distinct advantage. It proved to be an 

excellent model system for the study of glial biology due to the relatively low (~10,000) 

cell number in the larval nervous system, which allows for easy and reliable 

identification and labelling of individual cells, as well as the similarity and high 

conservation of the glial cell types and functions in Drosophila when compared to 

vertebrates [105, 106]. Overall, this organism can be an excellent model for studying 

neuron-glia interactions, especially at the molecular level. 

1.3 Drosophila as a model to study neuron-glia interactions 

The fruit fly Drosophila melanogaster is a well-known and widely used model, famed 

for its experimental tractability, genetic accessibility, and neuroscientific malleability 

[107]. Established as a model in the early 20th century by Thomas Morgan at Columbia 

University, it led to several Nobel-prize worthy discoveries, including, just to name 

some, in the areas of embryonic development and fine, RNA-level regulation thereof, 

understanding of chromosome biology, olfactory systems, circadian rhythm and the 

immune system [107]. The ease of maintenance and high number of offspring continue 

to make this organism the model of choice in multiple areas of modern research. 
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Particularly, the Drosophila 3rd instar larvae offer an exciting system for neuroscientific 

observation due to the ease of accessibility of not only the developing brain, but also 

the NMJ, which can be easily imaged using confocal microscopy [108]. A suite of well-

established and reliable antibodies allows researchers to image the whole intact 

nervous system, thus providing an opportunity to build a big-picture, high-level 

understanding of its molecular governance [109]. 

1.3.1 Neuron-glia interactions in Drosophila 

Glial cells constitute 10-20% of the cells in the Drosophila nervous system [110]. The 

most widely accepted classification names six kinds of glial cells in Drosophila, 

depicted in Figure 1-3: surface glia present both in the CNS and the PNS, which 

encompass the 1) perineurial (PG) and 2) subperineurial glia (SPG); CNS-specific 3) 

cortex (CG), 4) astrocyte-like (AG) and 5) ensheathing glia (EG); and PNS-specific 6) 

wrapping glia (WG) [111]. 
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Figure 1-3 Known glial cell types in Drosophila, depicted in the larval nervous system 

a) In the brain, five of the six glial subtypes can be found. Surface glia, the collective name for SPG and 

PG, form the BBB and are similar to mammalian astrocytes. CG connect SPG and neurons. AG regulate 

neurotransmitter levels and participate in plasticity events. EG compartmentalise the brain and can act 

as phagocytes. b) Three glial subtypes, including surface glia, can be found in the nerves. WG wrap 

neurons but do not myelinate PNS nerves unlike their mammalian equivalents, Schwann cells. c) All 

three subtypes of glia found in the nerves make projections reaching the NMJ. d) PG and SPG extend 

from nerve bundles towards NMJ synapses, and actively interact with them. 

To briefly summarise these subtypes, surface glia are responsible for the formation of 

the BBB in Drosophila, thus being somewhat equivalent to mammalian astrocytes 

[112]. CG provide the connection between the SPG and the neurons [113]. AG also 

bear many functional similarities to their vertebrate namesakes, astrocytes, and 
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participate in the neurotransmitter level regulation and homeostasis maintenance of 

the fly brain [114]. Interestingly, AG are thought to be key in early plasticity events in 

Drosophila. In a recent study, AG were found to invade the neuropil in the early 

Drosophila larval motor circuit to close the critical period, a developmental interval 

during which heightened synaptic plasticity occurs due to neuronal activity [115]. AG 

can regulate olfactory processing by directly affecting the strength of the synaptic 

connections formed between olfactory receptor neurons and projection neurons [116]. 

EG localise to the surface of the neuropil which results in brain compartmentalisation 

and can act as phagocytes in the adult Drosophila brain [117]. WG wrap the neurons 

present in the sensory and motor nerves and could therefore be compared to 

oligodendrocytes or Schwann cells, which can affect the axon diameter and 

conductance velocity in the Drosophila PNS [118]. However, WG do not myelinate 

PNS nerves, unlike their vertebrate counterparts. Nevertheless, they do enwrap 

individual or small bundles of axons, a process which is regulated by RalA GTPase 

and the exocyst complex, and by the Neuregulin homologue, Vein [119, 120]. It is the 

PG and SPG which extend from the nerve bundles towards the NMJ synapses in flies, 

and a parallel could be drawn between them and the vertebrate PSCs [121]. Whether 

or not WG extend their projections to the NMJ is a point of discussion, with some 

sources suggesting that they do, while others disagree [111, 114, 118, 119]. 

1.3.2 Characterisation of Drosophila peripheral glia  

Drosophila peripheral glia were first studied in the 1980s and 1990s, when their roles 

during embryonic development, and axon guidance were actively explored; the 

migration of glia into the PNS and their interactions with neurons during development 

have been described in detail [122-125]. During larval development, peripheral glia 
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extend processes that become progressively more elaborate and reach the NMJ [126]. 

After the initial motor neurons extend beyond the glia into the periphery, the glial 

migration starts along a pre-established axonal growth cone pathway. Glial cell bodies 

move outwards, and their cytoplasmic extensions grow ahead of them, never 

extending past the foremost part of a pioneering growth cone. Since in vertebrates, 

Schwann cells are seen following, not leading, these pioneer growth cones, it seems 

Drosophila PNS glia also likely need axons as a foundation for their migration into the 

PNS [127]. Further research explored various roles of Drosophila PNS glia in synaptic 

pruning at the mature synapses [128]. 

What are the roles of the Drosophila peripheral glia? To date, few studies dealt with 

the detailed morphology, molecular repertoire, and function of these cells. 

Interestingly, the Drosophila high-affinity glutamate reuptake transporter, dEAAT1, 

was found to be present in the glial cells in the NMJ of the adult flies, but not in the 

embryonic or larval peripheral glia, which could suggest that glial-mediated glutamate 

reuptake is necessary for regular NMJ activity in adults, but not in other fly 

developmental stages, contradicting the previous notion suggesting that glia are not 

present at the adult NMJ synapse [129, 130]. Another study identified a Drosophila 

cystine/glutamate transporters (xCTs) homolog, named genderblind, which was found 

to be expressed in CNS and PNS glia. It was confirmed that genderblind codes for a 

transporter that regulates extracellular glutamate, which has the capacity to 

desensitise receptors and hence inhibits glutamate receptor clustering at synapses 

[131]. Later, wingless was found to be a target of Repo, a well-known glial transcription 

factor in Drosophila larvae and Repo was observed to regulate wingless expression 

in the NMJ glia which in turn affected the glutamate receptor clustering and synaptic 

physiology [132]. 
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Are terminal Drosophila melanogaster NMJ glia akin to PSCs, then? NMJ glia are 

known to affect muscle-to-motor neuron retrograde signalling and glutamate receptor 

clustering in vivo [132, 133] and even to rapidly migrate to the NMJ and engulf 

immature synaptic boutons [134]. Larval NMJ glia were found to be involved in the 

clearance of the presynaptic debris resulting from synaptic destabilisation and pruning 

[134], but were not found to be involved in the dismantling of the NMJ during the 

process of metamorphosis [135]. Interestingly, the growth of the larval glial NMJ 

processes was found to be coordinated with that of the synapse itself, and glia were 

found to create intricate and varying morphologies at the NMJ, suggesting a breadth 

of possible functions (Figure 1-4) [121]. Despite the relative scarcity of Drosophila glial 

NMJ focused literature, the picture painted is clear and hints strongly at the heavy 

involvement of glial cells in all the important processes occurring at this synapse, just 

like in the tripartite synapse model. 
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Figure 1-4 Various glial cell morphologies of Drosophila NMJ 

a) The location of the NMJ synapse with respect to the Drosophila CNS. b) The glial cell types present 

in the Drosophila PNS. WG wrap in between the axon bundles. Both the surface glia and the WG are 

described to make projections to the Drosophila NMJ in the literature, but the WG projections are 

reported to be very small and stop before the synapse area. These observations were made at the 

larval synapse by the Auld lab [121]. c) A visual representation of the types of processes formed by 

perisynaptic glia observed by the Auld lab at the NMJ [121]. Some of these resemble bouton structures 

made by the axon terminal. These glia can extend over several hundreds of µm. Localisation of mRNA 

is shown at significant distances from the cell body. Local translation could play roles in the functions 

of those glia at the NMJ. 
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1.3.3 Drosophila and the tripartite synapse 

The tripartite model of the synapse (pre-synaptic, post-synaptic and associated glia) 

found in mammals is also conserved in Drosophila. A tripartite synapse model has 

been first proposed in adult Drosophila and it was shown to exhibit similar 

morphological and functional properties to the ones described previously for the 

mammalian tripartite synapses [136]. This model was established for the adult Dorsal 

Longitudinal Muscle (DLM) neuromuscular synapse, and the presence of the features 

previously observed for the mammalian tripartite synapse, like the regulation of 

extracellular glutamate and glial calcium transients evoked by synaptic activity, was 

confirmed [136]. Furthermore, an equivalent glial cell type to the PCSs, named PPG 

– Peripheral Perisynaptic Glia – has been identified and described in adult Drosophila, 

and it has been noted that the morphology and functions of these cells are different in 

larvae and in adults [137]. Glia were labelled using Glutamine Synthetase 2 (Gs2), an 

enzyme in Drosophila which is homologous to Glutamine Synthetases in mammals 

[138]. The tripartite nature of the synapses was presented in different adult NMJs, and 

glial labelling closely followed the neuronal labelling, as is expected for a tripartite 

synapse. The larval NMJs, however, showed different morphologies, and the glia were 

not as closely associated with the neurons as in the adults, but more embedded in the 

muscle, and surrounding the NMJ synapse [121, 137]. 

Various functions of glia at the Drosophila tripartite synapse were also examined. 

Exosomes released by SPG, containing miR-274, were found to be incorporated into 

the motor neurons. This resulted in stimulation of bouton formation by downregulation 

of expression of the receptor tyrosine kinase pathway inhibitor, Sprouty, in turn 

enhancing signalling via MAPK and promoting cell growth [139]. This process is 

important in the NMJ response to hypoxia, making the miR-274 somewhat of a 
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“gliotransmitter”, which enables communication between the glia and the tracheal 

cells. It was additionally found that under hypoxic conditions, the fine processes of the 

NMJ glia enter the NMJ boutons [140]. Sima, the hypoxia-induced factor, activates 

wingless in glia, similarly to what was described before [132]. This activation leads to 

the reorganisation of the NMJ boutons as a response to hypoxia [140]. The effects of 

heat shock (HS) were also studied on the tripartite synapse at the DLM. Flies treated 

with HS lost the ability to fly, and displayed neuronal, glial and muscle degeneration. 

When HSP23, a small HS protein, was overexpressed in the muscle, protection 

against HS was provided in a cell-autonomous manner for the muscle, and in a 

nonautonomous manner for neurons and glia [141].  

1.3.4 Drosophila glia: summary 

Could Drosophila offer a window into the molecular roles of glia in synaptic plasticity? 

Undeniably, the extensive molecular characterisation already present in the literature, 

and the experimental tractability of Drosophila NMJ are both tempting alternatives to 

the complexity and comparative inaccessibility of the vertebrate NMJ synapses when 

it comes to their molecular manipulation, particularly the lack of cell-specific molecular 

markers which could allow for the isolation or morphological characterisation of these 

cells [100]. The roles of glia at the NMJ are highly conserved, and the fly system can 

yet again be exploited for its experimental tractability and high evolutionary 

conservation of basic functions. Despite their varied morphologies, Drosophila glia at 

found at synapses seem to exhibit many functions reminiscent of those observed in 

mammalian tripartite synapse studies. This suggests that Drosophila could serve as a 

promising parallel model to study glial impairment in motor neuron and 

neurodegenerative diseases to an unprecedented molecular level. The capacity of 



 24 

Drosophila as a model system to enable the study of the tripartite synapse and the 

synapse-associated glia has not been exhausted, with both Drosophila larvae and 

adults constituting great model systems for investigating mRNA localisation. 

1.4 mRNA localisation in the nervous system 

1.4.1 mRNA localisation in neurons 

The importance of RNA processing in the regulation of gene expression in health and 

disease has been underestimated for a long time. Significant focus has traditionally 

been placed on the regulation of transcription and the very process of translation, with 

the regulation of mRNA behaviour being eclipsed by those two. The importance of 

RNA localisation has been noted as early as 1929, when it has been described to have 

a key role in developmental biology and organising the anterior-posterior polarity of 

insect eggs and embryos [142]. RNA localisation, however, only gained more interest 

in the 1980’s when a series of studies were conducted which concluded that mRNA 

localisation and localised expression regulate Drosophila embryogenesis and result in 

the formation of intricate expression patterns, responsible for the establishment of the 

future body plan of the animal [143-147]. 

With time, it became clear that embryogenesis is not the only process in which RNA 

localisation plays an instructive role. Particularly, a hypothesis has been formed that 

mRNA localisation might play an important role in the development and functioning of 

the nervous system. Why was this suspected? Neuronal morphology distinguishes 

them from other cell types. Particularly, the existence of a long axon, which can extend 

up to one meter in the human sciatic nerve, and highly branched neurites, which also 

reach far from the cell body, point to the possibility of local translation [148]. The 
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studies of synaptic plasticity solidified this hypothesis. It has been hypothesised that 

the often-rapid changes occurring at the synapses would require the local presence of 

mRNAs, ready to be translated to respond to stimulation; the synapse would be much 

less adaptable and plastic were it to wait for the mRNA to be produced in the soma 

and transported all the way along the axons. Several high-profile reviews summarised 

these hypotheses [11, 149-154]. 

1.4.2 mRNA localisation in glia 

RNA localisation studies in the nervous system have been largely focused on neurons 

and mostly omitted the other key player: glia, with the notable exception of 

oligodendrocytes. Glia are a cell type that constitutes between 10–20% of the 

Drosophila nervous system and 50%, or possibly more, of human brain cells [110]. 

Even in Drosophila, where glia constitute a smaller percentage of the nervous system 

cells, mutations in repo, the pan-glial transcription factor responsible for gliogenesis, 

are embryonic lethal [155]. How come that for such an abundant and vital cell type, 

glia have remained so underappreciated in the nervous system, often overshadowed 

by neurons in past studies? Perhaps research initially gravitates towards more 

immediately noticeable or accessible players, like neurons. Yet, when these focal 

points fail to provide comprehensive answers, the scope broadens, which is precisely 

the trend recently observed with increased attention to glia and glial mRNA localisation 

[1, 21, 34, 73, 74, 156]. 

As previously discussed, glial cells can display a range of morphologies, ranging from 

immune-cell like microglial cells to elongated and myelinating oligodendrocytes and 

Schwann cells, but not all of their detailed roles in nervous system function and 

development are established [157]. In particular, a parallel could be drawn between 
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neurons and the elongated glia which accompany them to their synapses, as their 

somas might also be a significant distance away from their furthermost processes. 

This could suggest that local mRNA translation might also play a significant role in the 

largely unknown glial functions at synapses. For the purpose of this section, the term 

“glia” will be used to describe glial cells associated with synapses and displaying 

morphologies similar to neurons. 

Most early mRNA localisation studies were focused on mRNA localisation in neurons, 

and glia were often considered a “contaminant”, which can clearly be seen when 

reading reviews describing those studies [158]. Despite this, localised mRNAs have 

been observed in glial cells very early into the development of in situ hybridisation 

(ISH) techniques [159], sometimes being the main focus of the study, and sometimes 

in concert with observations made in neurons. Early studies examined Schwann cells 

and oligodendrocytes because of their unique myelinating properties.  

The earliest of these studies demonstrated that, although most protein synthesis 

occurred in the perinuclear regions, localised RNAs and protein synthesis were also 

observed in the Schwann cell and oligodendrocyte processes [160, 161]. ISH has 

shown that in initial stages of myelination in Schwann cells and oligodendrocytes, the 

MBP, myelin basic protein, was indeed accumulated in the perinuclear region, but as 

myelination proceeded, the MBP mRNA was found localised away from the nucleus 

[162, 163]. Similar localisation has been shown for astrocytes and radial glia in the 

embryonic brain for GFAP [86, 163]. Moreover, a specific 3' UTR (untranslated region) 

of the MBP mRNA has been identified to be necessary for its transport and 

localisation, later named A2 response element (A2RE) because of its binding to the 

heterogenous ribonucleoprotein particle A2 (hnRNP A2) which mediates its transport 
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along the microtubule cytoskeleton towards the myelin-producing compartments in the 

oligodendrocyte processes [164-166]. Subsequently, the mRNA for another myelin-

localised protein, myelin associated oligodendrocyte basic protein (MOBP), was also 

found to contain a similar RNA sequence to that of A2RE [167]. 

Subsequent research on these matters resulted in identification of several 

mechanisms by which mRNAs could be transported towards the myelinating glial cell 

periphery, particularly in oligodendrocytes. One of the first observations was that the 

movement of MBP mRNA in oligodendrocytes is microtubule, but not microfilament 

dependent, and kinesin is necessary for that process [168]. These observations 

together with further studies led to the development of a robust model, reviewed by 

Carson and colleagues, which is presented in Figure 1-5 [169]. 
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Figure 1-5 mRNA trafficking in glia – a generalised overview 

A nascent mRNA is bound in the nucleus by an RNA-binding protein (RBP), such as hnRNP A2 in 

oligodendrocytes, via a 3′UTR response element. Other well-known RBPs have been identified in 

dendrites and neuronal growth cones, such as zipcode binding protein 1 (ZBP1) or IMP1 (IGF2 mRNA-

binding protein 1). Yet, their roles in trafficking mRNAs other than MBP in glia are uncertain, though 

plausible. The transport of the mRNA-RBP complex out of the nucleus is followed by the assembly into 

messenger ribonucleoprotein (mRNP) granules in the cytoplasm. Motor proteins, such as kinesin, 

transport these granules along microtubules (MTs) towards the site of translation, away from the cell 

body. There, localised translation machinery is used to produce the necessary protein. 

In this model, the MBP mRNAs interact with hnRNP A2 by their A2RE, which causes 

the shuttling of hnRNP A2 out of the nucleus. In the cytoplasm, the hnRNP A2 with its 

bound mRNA is assembled into granules which get transported to the myelin 

compartment by a dual kinesin-dynein motor mechanism, kinesin acting as the 

anterograde motor transporting the granules away from the cell body, and dynein 

acting as the retrograde motor, mediating the transport towards the cell body. Finally, 

it has been shown that translation machinery is present in the oligodendrocyte 

processes and hence it has been hypothesised that the trafficked mRNA is 
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translationally repressed during transport, and unrepressed once it reaches its 

destination [170]. Further studies have been conducted to identify additional 

components of this system, and the question of the regulation of mRNA localisation in 

oligodendrocyte myelination continues to be explored nowadays [171-173]. 

1.4.3 Drosophila as a model to study mRNA localisation in glia in disease 

One of the main difficulties in the study of compartment-specific mRNA localisation 

and translation, especially in cells like PSCs, is that they are physically connected to 

neurons and cannot be easily isolated [100]. Therefore, the possibility of 

contamination in those datasets is high, even when FACS sorting is used. However, it 

is likely that elongated and polarised cells like neurons, astrocytes, radial glia and 

others transport and transcribe a similar set of transcripts at their periphery [47]. 

Therefore, the Drosophila larval NMJ is likely to be a good model to study common 

aspects of mRNA localisation in several different types of synaptic glia, like astrocytes 

or PCSs, to understand the basic mechanisms of the fundamental molecular crosstalk 

between the neuron and any type of a glial cell at the synapse.  

Drosophila is already an excellent experimental model that offers great possibilities for 

studying mRNA localisation in the context of disease, including Amyotrophic Lateral 

Sclerosis (ALS) [174, 175]. Glial expression of mutant and wild type hSOD1s (human 

Superoxide Dismutase 1) whose mutations are heavily linked to ALS, impaired the 

performance of flies in a climbing assay and reduced their motor ability [176]. 

Interestingly, in mice, SOD1 interaction with G3BP1 (Ras GTPase-activating protein-

binding protein) was found to alter stress granule dynamics, producing pathological 

cytoplasmic inclusions in motor neurons [177]. In one study, SOD1 was found to be 

localised to RNA-rich stress granules in mice spinal cord tissue and in HeLa cells, but 
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SOD1 itself did not bind any mRNA molecules. This could suggests that SOD1 impacts 

stress granules, including, RNA dynamics and splicing, without binding RNA directly 

[178]. It would be interesting to see if hSOD1s mRNA localises to synapses and is 

locally translated by glia in Drosophila, and if hSOD1 is present in stress granules in 

Drosophila glia. 

Similar observations were made regarding Tar DNA-binding protein (DNA – 

deoxyribonucleic acid) an RBP linked to ALS. It was shown that overexpressing 

Drosophila TDP-43, the fly homologue of this protein, in glial cells resulted in 

accelerated fly death and age related disfunction. Both knockdown and 

overexpression of Drosophila TDP-43 influence the mRNA levels of the glutamate 

transporters EAAT1 and EAAT2 [179]. These results were further expanded when it 

was found that expressing mutated TDP-43 resulted in different responses in motor 

neurons versus glia, both of which, however, can result in similar phenotypic defects 

related to locomotor impairment [180]. The molecular basis of the glial versus neuronal 

impairment has been hypothesised to be due to TDP-43 regulating different mRNA 

targets. This idea is supported by the fact that TDP-43 is localised to the nucleus in 

motor neurons but in glial cells it localises to cytoplasmic puncta. 

1.5 Identification of 19 potential glial-protrusion localised mRNAs 

In a recent study performed in the Davis laboratory, various transcripts were identified 

by smFISH to be found to be localised to the area near the neuron at the NMJ [181]. 

In this screen, selected lines from the Cambridge Protein Trap Insertion (CPTI) 

collection were used [182]. 3rd instar Drosophila larvae from 200 of these lines were 

imaged to generate a database of expression patterns of different proteins fused to 

Yellow Fluorescent Protein (YFP) in the larval nervous system. Additionally, smFISH 



 31 

probes were designed against the mRNA sequence of YFP fused to those proteins, 

simultaneously enabling the visualisation of their respective mRNAs. 

The work of Joshua Titlow and Ana Palanca Cuñado focused on the PNS and the 

NMJ. As discussed previously, this is a well-known and an easily accessible synapse 

in the 3rd instar Drosophila larvae [183, 184]. Many proteins and their mRNAs were 

found to be expressed at the NMJ, including nineteen mRNAs which appeared to be 

present nearby the NMJ, but not specifically in the axon terminal or the postsynaptic 

density (Figure 1-6). These were: nervana 2 (nrv2), Gliotactin (Gli), Flotillin 2 (Flo2), 

Cdc42-interacting protein 4 (Cip4), CG1648 (CG1648), lost (lost), CG42342 

(CG42342), Vacuolar H+-ATPase 55kD subunit (Vha55; ATPase - adenosine 

triphosphatase, ATP - adenosine triphosphate), Na pump α subunit (Atpα), Neuroglian 

(Nrg), Lachesin (Lac), α Catenin (α-Cat), Protein disulfide isomerase (Pdi), sidekick 

(sdk), karst (kst), coiled (cold), short stop (shot), Gs2 and Orosomucoid 1-like 

(ORMDL). It has been hypothesised that these proteins might be present in the NMJ 

glia, particularly since some of them are well known glial markers, like Gs2 and nrv2 

[118, 137]. Table 1-1 showcases these results. 
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Figure 1-6 Sample image of the larval NMJ from the CPTI screen 

Confocal images of a Drosophila 3rd instar larval NMJ from the Lac protein trap line, Lac::YFP line. In 

the “Overview” image (left, scale bar - 10 μm), the yellow square region of interest (ROI) corresponds 

to the areas enlarged in the remaining panels (right, labelled “Zoom”, scale bar 5 μm, see label in the 

top left for details of what is presented). The NMJ has been stained with 4′,6-diamidino-2-phenylindole 

(DAPI) and α-Horseradish Peroxidase (α-HRP) antibody conjugated to Alexa 405 fluor (blue) to 

visualise nuclei and neurons, respectively, and α-dlg1 detected with a secondary Ab labelled with Alexa 

568 (magenta) to visualise the postsynaptic density. α-YFP exon probe was used to see the mRNA for 

the proteins fused to YFP (Atto 633, white). In “Zoom” panels, yellow circular ROIs highlight areas rich 

in molecules of mRNA which seem to overlap with the protein signal. Lac protein seen through the YFP 

signal from the CPTI collection (Lac::YFP, green) makes an unusual pattern which does not directly 

match α-HRP or α-dlg1. Such pattern has been noted for nineteen genes, including this one. It was 

suggested that these could be glial proteins which also have their mRNAs localised to fine glial 

projections at the NMJ. Data generated by Dr Ana Palanca Cuñado. 
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Table 1-1 Summary of relevant NMJ scoring from the CPTI screen 

Gene 
symbol  

Gene name CPTI Line ID Protein 
in glia? 

RNA  
in glia? 

GO molecular function/Biological Process 

nrv2 nervana 2 CPTI001455 yes yes cation transmembrane transporter activity, ATPase activator 
activity, sodium:potassium-exchanging ATPase activity 

Gli Gliotactin CPTI002805 yes yes carboxylic ester hydrolase activity, neurexin family protein 
binding, signalling receptor activity 

Flo2 Flotillin 2 CPTI001427 yes yes structural molecule activity 

Cip4 Cdc42-
interacting 
protein 4 

CPTI003231 yes yes protein binding, phospholipid binding, GTPase activating 
protein binding, lipid binding 

CG1648 CG1648 CPTI100012 yes yes - 

lost lost CPTI002437 yes yes pole cell development, pole plasm mRNA localisation, pole 
plasm oskar mRNA localisation 

CG42342 CG42342 CPTI000033 yes yes ECM structural constituent 

Vha55 Vacuolar H+-
ATPase 
55kD subunit 

CPTI002645 yes yes rotational mechanism, ATP binding, proton-transporting 
ATPase activity 

Atpα Na pump α 
subunit 

CPTI002636 yes yes cation transmembrane transporter activity, ATP binding, 
sodium:potassium-exchanging ATPase activity 

Nrg Neuroglian CPTI002761 yes yes calcium ion binding, cell adhesion molecule binding 

Lac Lachesin CPTI001714 yes yes protein homodimerisation activity 

α-Cat α Catenin CPTI002408 yes yes actin filament binding, cytoskeletal protein binding, actin 
binding, protein binding, cadherin binding, structural molecule 
activity 

Pdi Protein 
disulfide 
isomerase 

CPTI002342 yes yes peptide disulphide oxidoreductase activity, protein disulphide 
isomerase activity 

sdk sidekick CPTI000688 yes yes compound eye cone cell differentiation, homophilic cell 
adhesion via plasma membrane adhesion molecules, negative 
regulation of photoreceptor cell differentiation, pigment cell 
differentiation 

kst karst CPTI001728 yes no cytoskeletal protein binding, protein binding, microtubule 
binding, phospholipid binding, actin binding 

cold coiled CPTI001277 
 

yes no establishment of BBB, maintenance of BBB, septate junction 
(SJ) assembly 

shot short stop CPTI001962 yes yes calcium ion binding, cytoskeletal protein binding, actin binding, 
protein binding, structural molecule activity, microtubule 
binding 

Gs2 Glutamine 
synthetase 2 

CPTI001918 yes yes glutamate-ammonia ligase activity 

ORMDL Orosomucoid 
1-like 

CPTI002636 no yes cellular sphingolipid homeostasis, ceramide metabolic process, 
negative regulation of ceramide biosynthetic process 

Summary of the scoring results from the Davis lab screen for all the CPTI lines of genes which had 

either the protein-YFP or the YFP mRNA localised to the NMJ in a pattern suggesting their presence in 

the glia. Nineteen lines corresponding to nineteen different proteins have been hypothesised to contain 

either protein or RNA in the NMJ glia. Where available, gene ontology (GO) molecular function from 

FlyBase (http://flybase.org/) has been specified, and where that was unavailable, the biological process 

information has been specified (underlined). The space has been left empty where neither was 

available. Data generated by Dr Joshua Titlow and Dr Ana Palanca Cuñado. 

http://flybase.org/
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1.6 Thesis objectives 

The paucity of information regarding glia and mRNA in Drosophila in general, and the 

preliminary data collected in the Davis laboratory, provide an obvious starting point for 

my thesis project, the goal of which is to explore mRNA localisation in larval PPG of 

the NMJ, using techniques like smFISH [185]. The accessibility and the ease of 

genetic manipulations of the Drosophila larval NMJ makes it an ideal model to label 

these glia, observe their morphology and look for mRNAs which are expressed at the 

synapse. Membrane targeted fluorescent proteins under the pan-glial promoter, Repo 

transcription factor, clearly label synaptic glia at the Drosophila NMJ; they display 

polarity, extending processes and forming boutons [121]. One can then try to 

understand how mRNA localisation is linked to structural synaptic plasticity using other 

well-established Drosophila neuroscientific techniques to further explore the roles of 

mRNA localisation and glial cells at the Drosophila NMJ. Thus, the overarching goal 

of my thesis is to investigate how Drosophila larval NMJ glia modulate structural 

synaptic plasticity, and whether mRNA localisation could impact this process. 

Below I list specific questions which I would like to explore in my thesis. 

Question 1: Which of the candidate transcripts are indeed localised to Drosophila 

NMJ glial periphery? 

Motivation: This question allows me to understand the localisation of the candidate 

mRNAs of interest with respect to glial membrane labelling, which was not present 

when the original observations were made in the lab. Thus, I could confirm or refute 

the hypothesis that these mRNAs are localised to the NMJ glial periphery.  
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Question 2: Which of these genes are functionally required in glia for the correct 

development of the larvae and the NMJ? 

Motivation: Localised mRNAs could have different roles depending on the 

developmental timeline during which they are translated. Showing that some of these 

localised mRNAs affect the morphology of the developing synapse, or the overall 

viability or anatomy of the larvae, could shed light on the regulation of these 

developmental process. 

Question 3: Are any of these genes functionally required in glia for structural synaptic 

plasticity? 

Motivation: This question is one of the most fundamental ones to answer because of 

how little is known about perisynaptic glia in the PNS and the role of the localised 

RNAs in plasticity of the motor neuron, especially in the context of debilitating illnesses 

like motor neuron diseases, particularly ALS [34]. It would be an exciting discovery to 

show that localised mRNAs in glia could participate in modulation of motor neuron 

synapse behaviour. 

Question 4: Are any of these genes necessary for the regulation of the larval 

movement? 

Motivation: High level observations such as impairment of movement are a common 

manifestation of underlying molecular changes. If the genes of interest are needed in 

glia for larval crawling, a direct connection can be made between the NMJ glia and 

movement, thus rendering them necessary for correct structural synaptic plasticity. 

Question 5: Which glial cells extend their projections to the NMJ, and what is the 

relationship between the candidate transcripts and these cells?  
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Motivation: Despite numerous reports, which specific subtypes of glial cells make 

their projections to the Drosophila NMJ is a point of contention [111]. It would be 

interesting to confirm it, which would allow for visual inspection of the localisation of 

mRNAs of interest with respect to these cells, and potential further functional 

examinations. 
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2 Materials and Methods 

2.1 Fly stocks 

Drosophila melanogaster flies utilised in my research were reared on standard 

cornmeal-agar food and raised in 18°C or 25°C incubators with 12-hour day-night 

cycle. All stocks were purchased from Drosophila Genomics and Genetic Resources 

(https://www.dgrc.kit.ac.jp/, DGRC), Vienna Drosophila Resource Center 

(https://shop.vbc.ac.at/vdrc_store/, VDRC) and Bloomington Drosophila Stock Center 

(https://bdsc.indiana.edu/index.html, BDSC). Desired stocks were then crossbred 

from these stocks, or, where indicated, provided by collaborators. Please refer to  

Table 2-1 for a comprehensive list of all lines employed in this study. 

To label glial cells in as described in Chapter 3 experiments, a crossbreeding strategy 

was employed to obtain the following stock: UAS-mCD8-mCherry/CyoGFP; 

Repo>GAL4/Tm6B, Tb (UAS – Upstream Activating Sequence, GFP – Green 

Fluorescent Protein). This line is henceforth referred to as the Repo>mCherry line. 

This stock was then crossed with each of the CPTI lines and the offspring were 

selected based on the presence of YFP and mCherry fluorescence. 

To label glia for experiments with RNA interference (RNAi) targeting transcripts of 

interest in glial cells as described in Chapter 4, a stock was constructed as follows: 

UAS-mCD8-GFP/UAS-mCD8-GFP; Repo>GAL4/Tm6B, Tb. This line is henceforth 

referred to as Repo>GFP line. For each RNAi experiment, a homozygous line with a 

hairpin targeting the coding sequence of the gene of interest and the least number of 

off-targets was selected. These lines were crossed with the UAS-mCD8-GFP/UAS-

mCD8-GFP; Repo-GAL4/Tm6B, Tb line, and the offspring were selected based on 

https://www.dgrc.kit.ac.jp/
https://shop.vbc.ac.at/vdrc_store/
https://bdsc.indiana.edu/index.html
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GFP fluorescence and the absence of the Tm6B, Tb phenotype. These lines are 

henceforth denoted as Repo>GFP, Transcript-RNAi lines, where “Transcript” is 

replaced by the ENSEMBL v99 symbol (see Section 2.2) of the candidate transcript of 

interest [186]. The control for each experiment in this thesis which used any RNAi of 

any gene of interest in glial cells as marked by Repo-GAL4 was UAS-mCD8-GFP/+; 

Repo-GAL4/UAS-mCherry-RNAi. The control for experiments with knockdown in 

motor neuron was OK6-GAL4, UAS-mCD8 mCherry/+; UAS-Luciferase-RNAi/+. This 

control is referred to as “OK6>mCherry, Luciferase-RNAi” or “OK6>Control”. 

For experiments described in Chapter 5, 46F-GAL4 and Mdr65-GAL4 were crossed 

to UAS-mCD8-GFP and made homozygous. All fluorescent driver lines were then 

crossed to Lac-RNAi (VDRC GD 35524). The knockdown experiments for all glial 

drivers also had their respective controls, all of which were also the given driver line 

crossed to mCherry-RNAi.  
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Table 2-1 List of Drosophila melanogaster stocks used in this project 

Line name Line ID Line source Line description 

nrv2::YFP CPTI001455 DGRC nervana 2 gene YFP protein trap line (Lowe et al., 2014) 

Gli::YFP CPTI002805 DGRC Gliotactin gene YFP protein trap line 

Flo2::YFP CPTI001427 DGRC Flotillin 2 gene YFP protein trap line 

Cip4::YFP CPTI003231 DGRC Cdc42-interacting protein 4 gene YFP protein trap line 

CG1648::YFP CPTI100012 DGRC CG1648 gene YFP protein trap line 

lost::YFP CPTI002437 DGRC lost gene YFP protein trap line 

CG42342::YFP CPTI000033 DGRC CG42342 gene YFP protein trap line 

Vha55::YFP CPTI002645 DGRC Vacuolar H+-ATPase 55kD subunit gene YFP protein trap line 

Atpα::YFP CPTI002636 DGRC Na pump α subunit gene YFP protein trap line 

Nrg::YFP CPTI002761 DGRC Neuroglian gene YFP protein trap line 

Lac::YFP CPTI001714 DGRC Lachesin gene YFP protein trap line 

α-Cat::YFP CPTI002408 DGRC α Catenin gene YFP protein trap line 

Pdi::YFP CPTI002342 DGRC Protein disulfide isomerase gene YFP protein trap line 

sdk::YFP CPTI000688 DGRC sidekick gene YFP protein trap line 

kst::YFP CPTI001728 DGRC karst gene YFP protein trap line 

cold::YFP CPTI001277 DGRC coiled gene YFP protein trap line 

shot::YFP CPTI001962 DGRC short stop gene YPF protein trap line 

Gs2::YFP CPTI001918 DGRC Glutamine synthetase 2 gene YFP protein trap line 

ORMDL::YFP CPTI002636 DGRC ORMDL gene YFP protein trap line. 

Repo-GAL4 7415 BDSC Expresses GAL4 in glia [155] 

UAS-mCD8-
mCherry/cyo-GFP 

27391 BDSC Expresses Cherry red fluorescent protein (RFP) fused to the mouse CD8 
extracellular and transmembrane domains for membrane targeting under 
UAS control. 

UAS-mCD8-
GFP/cyo-GFP 

63045 BDSC Expresses GFP fused to the mouse CD8 extracellular and 
transmembrane domains for membrane targeting under UAS control. 

cyo-GFP/Gla; 
tm6, tb/pri 

Crossed from 
BDSC stocks 

BDSC A double balanced stock carrying CyoGFP over Gla on the 2nd 
chromosome and tm6, tb over prickle on the 3rd chromosome. 

nrv2-RNAi GD960 VDRC Expresses double-stranded RNA (dsRNA) for RNAi of nrv2 under UAS 
control in the pUAST vector pMF3. 

Gli-RNAi GD1735 VDRC Expresses dsRNA for RNAi of Gli under UAS control in the pUAST vector 
pMF3. 

Flo2-RNAi VSH 330316 VDRC Expresses dsRNA for RNAi of Flo2 under UAS control in the WALIUM20 
vector. 

Cip4-RNAi GD8513 VDRC Expresses dsRNA for RNAi of Cip4 under UAS control in the WALIUM20 
vector. 

CG1648-RNAi GD9177 VDRC Expresses dsRNA for RNAi of CG1648 under UAS control in the 
WALIUM20 vector. 

lost-RNAi GD8391 VDRC Expresses dsRNA for RNAi of lost under UAS control in the WALIUM20 
vector. 

CG42342-RNAi KK111891 VDRC Expresses dsRNA for RNAi of CG42342 under UAS control in the pUAST 
vector pMF3. 

Vha55-RNAi GD9363 VDRC Expresses dsRNA for RNAi of Vha55 under UAS control in the pUAST 
vector pMF3. 

Atpα-RNAi 32913 BDSC Expresses dsRNA for RNAi of Atpα under UAS control in the VALIUM20 
vector. 

Atpα-RNAi GD3093 VDRC Expresses dsRNA for RNAi of Atpα under UAS control in the pUAST 
vector pMF3. 
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Line name Line ID Line source Line description 

Nrg-RNAi 28724 BDSC Expresses dsRNA for RNAi of Nrg under UAS control in the VALIUM10 
vector. 

Lac-RNAi GD 35524 VDRC Expresses dsRNA for RNAi of Lac under UAS control in the pUAST 
vector pMF3. 

Lac-RNAi KK 107450 VDRC Expresses dsRNA for RNAi of Lac under UAS control in the pUAST 
vector pMF3. 

α-Cat-RNAi KK107298 VDRC Expresses dsRNA for RNAi of α-Cat under UAS control in the pUAST 
vector pMF3. 

Pdi-RNAi GD13418 VDRC Expresses dsRNA for RNAi of Pdi under UAS control in the pUAST 
vector pMF3. 

sdk-RNAi GD2553 VDRC Expresses dsRNA for RNAi of sdk under UAS control in the pUAST 
vector pMF3. 

kst-RNAi 33933 BDSC Expresses dsRNA for RNAi of kst under UAS control in the VALIUM20 
vector. 

cold-RNAi GD789 VDRC Expresses dsRNA for RNAi of cold under UAS control in the pUAST 
vector pMF3. 

shot-RNAi 28336 BDSC Expresses dsRNA for RNAi of shot under UAS control in the VALIUM10 
vector. 

Gs2-RNAi GD 9378 VDRC Expresses dsRNA for RNAi of Gs2 under UAS control in the pUAST 
vector pMF3. 

mCherry-RNAi 35785 BDSC Expresses dsRNA for RNAi of mCherry under UAS control in the 
VALIUM20 vector. 

Nrv2-GAL4; UAS-
mCD8-
GFP/CyoGFP 

- - Recombined stock which expresses GAL4 in WG and drives expression 
of membrane targeted GFP, kindly gifted by Prof Rita Teodoro. Based on 
BDSC stocks 6800 and 63045. 

46F-GAL4 - - Expresses GAL4 in PG[187]. Gift from Prof Stefanie Schirmeier. 

Mdr65-GAL4 50472  BDSC Expresses GAL4 in SPG. 

OK6-GAL4 > 
UAS-mCD8 
mCherry 

- Constructed 
in the Davis 
lab 

GAL4 expressed in motor neurons, recombined with membrane targeted 
mCherry. 

Imp-RNAi 34977 BDSC Expresses dsRNA for RNAi of Imp under UAS control in the VALIUM20 
vector. 

Nrx-IV::GFP CA06597 - Carnegie collection protein trap for neurexin IV, labelled with GFP, kindly 
gifted by Prof Rita Teodoro[188]. 

brp::GFP - - Protein trap for bruchpilot (brp), labelled with GFP, kindly gifted by Prof 
Hugo Bellen. 

Luciferase-RNAi 35788 BDSC Expresses firefly Luciferase under the control of UAS in the VALIUM10 
vector.  
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2.2 Fly gene nomenclature 

The nomenclature for the fly genes, mRNAs and proteins mentioned in this thesis 

follows that of ENSEMBL v99, which is also the same convention reflected on FlyBase 

[186, 189]. Capitalisation of gene and protein full names and symbols is therefore 

consistent with those resources. Gene full names and symbols are italicised. mRNA 

transcript symbols are italicised. Protein symbols are not italicised. The nomenclature 

used for candidate glial-protrusion localised transcripts of interest is summarised in 

Table 2-2. 

Table 2-2 Selected fly gene, mRNA and protein nomenclature used in this project 

Full gene name Gene symbol mRNA symbol Protein symbol 

nervana 2 nrv2 nrv2 (mRNA) nrv2 

Gliotactin Gli Gli (mRNA) Gli 

Flotillin 2 Flo2 Flo2 (mRNA) Flo2 

Cdc42-interacting protein 4 Cip4 Cip4 (mRNA) Cip4 

CG1648 CG1648 CG1648 (mRNA) CG1648 

lost lost lost (mRNA) lost 

CG42342 CG42342 CG42342 (mRNA) CG42342 

Vacuolar H+-ATPase 55kD subunit Vha55 Vha55 (mRNA) Vha55 

Na pump α subunit Atpα Atpα (mRNA) Atpα 

Neuroglian Nrg Nrg (mRNA) Nrg 

Lachesin Lac Lac (mRNA) Lac 

α Catenin α-Cat α-Cat (mRNA) α-Cat 

Protein disulfide isomerase Pdi Pdi (mRNA) Pdi 

sidekick sdk sdk (mRNA) sdk 

karst kst kst (mRNA) kst 

coiled cold cold (mRNA) cold 

short stop shot shot (mRNA) shot 

Glutamine synthetase 2 Gs2 Gs2 (mRNA) Gs2 

Orosomucoid 1-like ORMDL ORMDL (mRNA) ORMDL 

This convention was not followed for the GAL4 driver lines, and all driver line genes are capitalised and 

not italicised. 
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2.3 Solutions and reagents 

The solutions employed in this study were either prepared and autoclaved by the 

Department of Biochemistry media kitchen or prepared by me using the solutions 

provided by the media kitchen. The Haemolymph-Like (HL) salines were prepared 

following the previously described methods [190, 191]. A list of the solutions used in 

this thesis can be found in Table 2-3. 

Table 2-3 List of solutions used in this project 

Solution Composition 

HL3 0.3 mM Ca2++ NaCl 70 mM, KCl 5 mM, MgCl2 20 mM, NaHCO3 10 mM, trehalose 5 mM, HEPES 5 
mM, sucrose 115 mM, Ca2+ 0.3 mM, pH 7.2 

HL3 1 mM Ca2+ NaCl 70 mM, KCl 5 mM, MgCl2 20 mM, NaHCO3 10 mM, trehalose 5 mM, HEPES 5 
mM, sucrose 115 mM, Ca2+ 1 mM, pH 7.2 

HL3 high K+ NaCl 40 mM, KCl 90 mM, Ca2+ 1.5 mM, MgCl2 20 mM, NaHCO3 10 mM, trehalose 5 
mM, HEPES 5 mM, sucrose 5 mM, pH 7.2 

10x PBS (phosphate-buffered saline)  1.37 M NaCl, 27mM KCl, 100mM Na2HPO4, 20mM KH2PO4, pH 7.4 

PBSTx PBS 1x, 0.3% Triton X (v/v) 

20xSSC (saline sodium citrate) 20g NaCl, 100.5g Tri-Sodium Citrate, pH 7.0 in 1L 

TE 10 mM Tris-HCL, 1mM EDTA, pH 8.0 

10X TAE Buffer 0.4 M Tris, 10 mM EDTA (pH 7.5), 1.2% (v/v) glacial acetic acid 

2.4 Biochemical techniques 

For all probes and antibodies described in this section, the symbol α means “anti” and 

denotes that that probe or antibody target whatever follows the symbol. 

2.4.1 Reverse Transcription - Polymerase Chain Reaction (RT-PCR) 

To investigate the CPTI insertion in the ORMDL::YFP line, an RT-PCR experiment 

was carried out. RNA extraction from 3rd instar wandering larvae was performed using 

the Cytiva Life Sciences™ (formerly GE Healthcare Life Science) illustra™ RNAspin 

Mini Isolation Kit. RNA concentration was measured using the NanoDrop 

spectrophotometer, and the reverse transcription reaction was performed using the 

RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific). 10% of the reverse 
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transcription product was used in the PCR reaction with the Taq PCR Kit (NEB) using 

the primer sequences specified in Appendix Table A-1. The products were run on a 

2% agarose gel and visualised using ethidium bromide (Section 2.4.2). 

2.4.2 DNA gel electrophoresis 

2% agarose concentration was achieved by dissolving agarose powder in 1x TAE 

buffer and heating, and ethidium bromide was added before the gel set (3 μl per 50 ml 

of gel). The RT-PCR product was mixed 1:1 with water. 5 μl of 5x gel loading dye 

(NEB) was added to the mixture which was loaded onto the gel which was run at 100 

V in 1x TAE buffer. Ultraviolet (UV) transilluminator was used to visualise the DNA and 

the product sizes were compared to 1 kb Plus DNA Ladder from NEB loaded in the 1st 

well. 

2.4.3 smFISH probes design 

Probes for the smFISH protocol were designed using a protocol described before 

[192]. A set of oligonucleotides (24 for ORMDL, 48 for Lac exon, 48 for Lac intron, 28 

for YFP) against the target sequence was composed using LGC Biosearch 

Technologies' Stellaris® RNA FISH Probe Designer. The oligonucleotides were 

pooled and elongated overnight at 37ºC with a ddUTP conjugated to a desired dye 

(Atto 633 for α-YFP and α-Lac exon probes, and Alexa 568 for α-Lac intron, α-Lac 

exon and α-ORMDL probes) using terminal deoxynucleotidyl transferase enzyme from 

Life Technologies (Thermo Fisher Scientific). The fluorescently labelled 

oligonucleotides were then purified by Zymo Research® Ethanol DNA Purification kit 

and eluted in TE buffer, after which their concentration and degree of labelling were 

measured using a NanoDrop spectrophotometer. The probes were diluted with TE 
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buffer to 25μM concentration. All probe sequences can be found in  

Appendix Table B-1. 

2.5 Microscopy techniques 

2.5.1 smFISH on the Drosophila larval fillet 

The mRNA smFISH technique was performed following established protocols [185]. 

In brief, wandering 3rd instar larvae were dissected in HL3 solution containing 0.3 mM 

Ca2+ as previously described to obtain a larval fillet exposing the NMJs [109, 183]. The 

samples were fixed at room temperature for 30 minutes using 4% paraformaldehyde 

in phosphate-buffered saline (PBS) supplemented with 0.1% Triton-X (PBSTx). 

Subsequently, the samples were subjected to two rounds of permeabilisation for 20 

minutes each in PBSTx at room temperature. 

Pre-hybridisation was performed by incubating the samples in wash buffer (2x SSC 

(saline sodium citrate), 10% formamide obtained from Sigma-Aldrich, F9037) at 37ºC 

for 20 minutes. The hybridisation step followed, where the samples were incubated 

overnight at 37ºC in a hybridisation buffer composed of 10% formamide, 10% dextran 

sulphate (Alfa Aesar, J62787.18), 250 nM of the smFISH probe(s), and α-Horseradish 

Peroxidase (α-HRP) (refer to Table 2-4 and section 2.5.2) in 2x SSC. Subsequently, 

the samples were rinsed in wash buffer and counterstained with 4′,6-diamidino-2-

phenylindole (DAPI) at a dilution of 1:1000 from a stock concentration of 0.5 mg/mL in 

wash buffer. The counterstaining step lasted for 45 minutes at room temperature.  

After counterstaining, the samples underwent a 45-minute wash in wash buffer at room 

temperature. Following the wash, the samples were incubated in Vectashield anti-fade 

mounting medium (Vector Laboratories) adjusted to match the objective's refractive 
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index for 30 minutes. Finally, the samples were mounted on slides using the mounting 

medium. 

2.5.2 Immunofluorescence (IF) on the Drosophila larval fillet 

The 3rd instar larvae were dissected and prepared according to the smFISH protocol. 

Following dissection, the larvae were blocked in blocking buffer (PBSTx, 1.0% Bovine 

Serum Albumin (BSA)) at 4ºC for 1 hour. Subsequently, the samples were incubated 

overnight at 4ºC with the primary antibody (refer to Table 2-4) in the blocking buffer. 

On the following day, the samples were washed for approximately 1 hour and then 

incubated with the secondary antibody solution (conjugated to Alexa Fluor 488, 568, 

or 647) at a 1:500 dilution from Life Technologies. The secondary antibody solution 

was prepared in PBSTx and contained DAPI (1:1000 from a 0.5mg/mL stock), and this 

incubation lasted for an 1 hour. Afterward, the samples were washed for 45 minutes 

in PBSTx at room temperature and incubated in Vectashield. Finally, the samples were 

mounted following the steps outlined in the smFISH protocol (2.5.1). 

Table 2-4 List of primary antibodies used in this project  

Antibody Target Source Species Dilution 

α-dlg1 Disks large, a post-synaptic 
scaffolding protein 

Developmental Studies Hybridoma Bank, 
https://dshb.biology.uiowa.edu/ 

Mouse 1:200 

α-HRP conjugated to Alexa 
405, 488, 568 or 647 

Neurons [193] Jackson Immuno Research Europe Ltd Goat 1:100 

2.6 Image acquisition and processing 

2.6.1 Microscopy protocol 

In the smFISH experiments described in Chapter 3, the larvae were subjected to 

dissection, fixation, and staining with DAPI, α-HRP antibody labelled with DyLight 405 

dye, and α-YFP exon probe labelled with Atto 633 dye, following the smFISH protocol. 

https://dshb.biology.uiowa.edu/
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A minimum of 3 larvae and 15 NMJs were evaluated for these experiments. For the 

unstimulated and stimulated NMJ experiments in Chapter 4, a minimum of 5 control 

larvae and 5 RNAi larvae were used for each experiment. The samples were fixed, 

stained with DAPI, α-HRP antibody labelled with Alexa 647 dye, and α-dlg1 antibody 

as described in the IF protocol (see section 2.5.2). The glial membrane was labelled 

with Repo>GFP. For Chapter 5, please refer to specific figure captions, as channels 

imaged vary. All prepared specimens were imaged using either an inverted Olympus 

FV3000 laser scanning confocal microscope or Olympus CSU-W1 SoRa laser 

spinning disk confocal microscope. The imaging was performed using specific 

objectives (60x 1.4NA Oil UPlanSApo objective for FV3000 and 100x 1.51NA Oil 

UPlanSApo objective, 100x 1.4NA Oil UPlanSApo objective, or 60x 1.51NA Oil 

UPlanSApo objective for SoRa) and laser units (solid state 405, 488, 568, and 640 

lasers for both microscopes). 

2.6.2 Image processing 

The acquired images were processed using ImageJ software 

(https://imagej.nih.gov/ij/) [194]. The glial processes at the NMJ, being mostly flat, 

were analysed by measuring the two-dimensional areas of the GFP-labelled glial 

membranes, which included sections of non-synaptic motor axon branches from full 

Z-stack 2D projections and glial membranes near the synaptic lamella [121]. The 

neurite areas were measured similarly but using α-HRP labelling. The measurements 

were conducted using the linear auto-contrast, auto-threshold, and area measurement 

functions of NIH (National Institutes of Health) ImageJ [195]. 

  

https://imagej.nih.gov/ij/
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2.7 Image features quantification 

2.7.1 NMJ morphometrics feature quantification 

For statistical analysis, R Studio was utilised. Each two-dimensional area measured 

from each NMJ constituted an independent replicate (denoted as "n"). The specific n 

values for each genotype and experiment are provided in the corresponding figure 

legends or Appendix. In the spaced potassium stimulation experiment (see Section 

2.8.1) and unstimulated NMJ “ghost bouton” quantification experiments, the average 

log2 fold change of bouton counts after compared to RNAi controls was quantified and 

reported. Regarding the areas' quantification, the fold change in glial protrusion area, 

neurite area, and their ratio upon knockdown of glial protrusion-localised transcripts 

was calculated. The ratio of the areas was calculated using the following equation: 

𝑟𝑎𝑡𝑖𝑜 = 	
glial	projection	area	in	µm²

motor	neuron	axon	terminal	projection	in	µm²
 

For the spaced potassium stimulation experiment (see Section 2.8.1), these 

calculations were performed in two sets: before and after the potassium activation 

assay. The average fold change for each gene was determined in each set. Student's 

t-tests were employed to evaluate significant differences in the data. In the spaced 

potassium stimulation experiment, the “ghost boutons” were manually quantified. The 

Wilcoxon rank sum test was performed for statistical analysis of “ghost bouton” 

numbers. Details of statistical analysis can be found in Section 2.9 The summary 

statistics can be found in Appendix Table C-1 (unstimulated NMJs areas), Appendix 

Appendix Table C-2 (stimulated NMJs areas) and Table C-3 (stimulated NMJs “ghost 

boutons”). 
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2.7.2 smFISH foci quantification 

To count Lac::YFP or Lac exon smFISH spots in the images, I employed a modified 

version of Big-FISH analysis [196]. The images were pre-processed to subtract the 

background, and Laplacian of Gaussian filtering was utilised to further reduce 

background noise. The threshold intensity for real signal was obtained by manually 

examining multiple representative spots from three images from the dataset and 

obtaining a line profile through the centre of each spot. The threshold was then set to 

half of the intensity of that spot, which resulted in the elimination of most of the noise 

from the images. The detection of correct smFISH foci was verified visually. 

After detecting the RNA smFISH spots in each image using the approach, I correlated 

their coordinates with their respective "mask" images representing the region of 

interest (ROI) in that image. The mask images were obtained using the linear auto-

contrast, auto-threshold and saving a binary image in ImageJ. This allowed me to 

calculate the total number of single mRNA molecules in the ROI.  

2.7.3 Protein intensity signal quantification 

In Chapter 5, Lac::YFP channel images were background subtracted using rolling ball 

subtraction method (radius = 50px) in ImageJ. Background intensity was obtained by 

creating five background ROI and quantifying their raw pixel integrated density 

(RawIntDen) values as well as area in ImageJ, then using these in the following 

equation: 

𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 	
𝑅𝑎𝑤𝐼𝑛𝑡𝐷𝑒𝑛

𝐴𝑟𝑒𝑎  
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Mean background intensity was then calculated from individual images’ background 

intensities. For each image, the fluorescence signal intensity of Lac::YFP signal was 

quantified from maximum pixel values across the Lac::YFP area ROI and then 

normalised to the mean signal density of background using the following equation: 

𝑠𝑖𝑔𝑛𝑎𝑙	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 	
𝑌𝐹𝑃	𝑅𝑎𝑤𝐼𝑛𝑡𝐷𝑒𝑛 − (𝑚𝑒𝑎𝑛	𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑	𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 ∗ 𝑌𝐹𝑃	𝑎𝑟𝑒𝑎)

𝑌𝐹𝑃	𝐴𝑟𝑒𝑎  

2.8 Larval neuroscientific techniques 

2.8.1 Spaced High K+ depolarisation paradigm 

The spaced potassium assay (also referred to as “spaced potassium stimulation 

assay/experiment/protocol” or simply the “stimulation” experiment throughout this 

thesis) was conducted following established protocols [190, 191, 197]. In summary, 

the larvae were dissected in 0.3 mM Ca2+ HL3 solution and subsequently transferred 

to 1 mM Ca2+ HL3 solution. For each experiment reported in Chapter 4, the larvae in 

a relaxed state were then subjected to a series of 2 minutes, 2 minutes, 2 minutes, 4 

minutes, and 6 minutes washes with high K+ HL3 solution, with 15 minutes intervals 

of 1 mM Ca2+ HL3 in between [191]. For each experiment reported in Chapter 5, the 

larvae in a relaxed state were then subjected to a series of three 2-minute washes with 

high K+ HL3 solution with 10 minutes intervals of 1 mM Ca2+ HL3 in between [197]. 

Each experiment included a minimum of 5 control larvae and 5 RNAi larvae. 

Additionally, for Chapter 4 experiments, an internal control stimulation experiment was 

conducted simultaneously, where Repo>GFP larvae were crossed with UAS-RNAi 

line targeting the mCherry protein, which is absent in these larvae. In Chapter 5, the 

controls for each experiment consisted of larvae which were dissected in 0.3 mM Ca2+ 

HL3 solution and immediately fixed (“unstimulated” larvae). The results of each 
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experiment were compared only to its corresponding internal control. Following the 

spaced potassium pulses, the larvae were re-stretched, allowed to rest for 30 minutes, 

and then fixed and labelled according to the IF protocol (2.5.2). Imaging of muscle 

segments 6/7 in the A2-A5 region was performed for all experiments. 

2.8.2 Larval locomotion assay 

2.8.2.1 Manual tracking assay 

The manual tracking has been performed as described previously [198]. Briefly, larvae 

were acclimatised to room temperature for 1h before the assay commencement. 5cm 

apple juice plates were removed from the fridge and left to achieve room temperature. 

3rd instar wandering larvae were then isolated and cleaned by washing in ddH2O with 

the use of a paintbrush. A mobile phone camera was placed in an elevated position, 

parallel to the apple juice plate surface. The apple juice plate was placed below the 

camera and on top of a ‘dartboard’ paper with concentric rings to facilitate the tracking. 

A ruler was added next to the plate to obtain scale for further analysis (Figure 2-1 A). 

10 larvae per genotype were placed consecutively in the centre of the plate and 

recorded using the mobile phone camera at 1080p with a frame rate of 30 frames per 

second for 30 seconds or until they reached the plate edge. The plate was changed 

after each animal. The obtained videos were then analysed in ImageJ. The videos 

were converted from video format to image sequences (jpegs). Using the ruler in the 

videos, the scale was set in ImageJ using Select: Analyse>Set Scale and set to Global 

to analyse all videos. The larvae were tracked using: Select: Plugins > Tracking > 

Manual Tracking and clicking on the larvae mouth parts until they reached the plate 

edge. The tracks were then analysed in RStudio. 
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2.8.2.2 Automated tracking assay 

I analysed larval locomotion behaviours using automated tracking following a modified 

version of an established approach [199]. 3rd instar wandering larvae were allowed to 

acclimate to room temperature for 1 hour before being placed in the centre of a 9-cm 

petri dish containing 1% agarose, with a maximum of five larvae introduced at a time. 

After an additional 1-minute acclimation period on the stage, the larvae were moved 

back to the centre of the plate and were recorded crawling freely at 1080p with a frame 

rate of 30 frames per second. To enhance contrast, white light was illuminated from 

beneath the dish (Figure 2-1 B). The larvae’s movement was tracked using standard 

tracking mode in BIOImageOperation software (available at 

https://joostdefolter.info/bio-research) (Figure 2-1 C). Background subtraction with 

threshold of 0.05-0.1 was used and adapted to achieve visual matching of the tracks 

detected when compared to the video obtained. Upon the larva reaching the outer 

perimeter of the dish or colliding with another larva, the tracking was concluded. 5 

larvae per genotype were used and 3 replicates were performed per day. The plates 

were rinsed after each repeat. Each experiment was repeated on 3 separate days.  

2.8.3 Crawling assay results quantification and analysis 

The output from BIOImageOperation was processed using the suite of 'tidyverse' R 

packages to calculate locomotion parameters. Tracking results were plotted and again 

compared with the videos post filtering, and artefactual tracks were removed.  

I quantified crawling speed (expressed in centimetres/second, or cm/s), using the 

following equation: 

𝑐𝑟𝑎𝑤𝑙𝑖𝑛𝑔	𝑠𝑝𝑒𝑒𝑑 = 	
𝑡𝑜𝑡𝑎𝑙	𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑐𝑟𝑎𝑤𝑙𝑒𝑑

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒	𝑏𝑒𝑡𝑤𝑒𝑒𝑚	𝑡ℎ𝑒	𝑜𝑟𝑖𝑔𝑖𝑛	𝑎𝑛𝑑	𝑒𝑛𝑑	𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒𝑠 

https://joostdefolter.info/bio-research
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and path straightness, using the following equation: 

𝑝𝑎𝑡ℎ	𝑠𝑡𝑟𝑎𝑖𝑔ℎ𝑡𝑛𝑒𝑠𝑠 = 	
total	distance	crawled	(cm)

origin	coordinate	to	end	coordinate	distance	(cm) 

The R package 'trajr' was employed to calculate measures of movement linearity and 

irregularity, which were the measures of frequency of directional change, and the 

standard deviation of directional change [200]. 

 

Figure 2-1 Crawling assay setup 

A) Manual larval tracking assay stage setup with the “dartboard” paper under the apple juice plate. B) 

Automated larval crawling assay stage set up with white light illumination below the plate. C) The screen 

view of the BIOImageOperation software tracking the larvae. 
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2.9 Statistical analysis 

Statistical evaluations were conducted using the R package 'rstatix'. I determined data 

normality through the Shapiro-Wilk test. I utilised parametric tests such as the t-test or 

non-parametric tests like Wilcoxon signed-rank test and Dunnett’s test, depending on 

the data. When multiple comparisons were made, p-values were adjusted with the 

Bonferroni or Bonferroni–Holm techniques (see figure legend). All data was explored 

using the 'tidyverse suite' in the RStudio framework and plotted using other RStudio 

packages including 'ggplot2', ‘ggforce’, 'ggbeeswarm', ‘colorspace’ and 'patchwork'. 

Subsequent plot modifications were executed in Serif Affinity Designer. 
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3 Confirmation of Localisation of Eighteen Candidate 

Transcripts to the Glial Periphery at the Larval NMJ 

3.1 Introduction 

The functions of cells with complex and long extensions, such as neurons and glia, 

are tightly regulated by the distinct molecular events confined to specialised 

compartments. As discussed in the Introduction (Section 1.1), such cells require 

intricate spatiotemporal control at their peripheries, at their sites of interaction with 

neighbouring cells. mRNA localisation and local translation are attractive mechanisms 

for executing such control (Section 1.4), where the presence of specific mRNAs and 

their associated proteins can be adjusted in alignment with cellular requirements. 

mRNA localisation and localised translation mechanisms have been widely studied in 

neurons in a diversity of experimental systems. However, in recent years, there has 

also been significant progress in the glial field [1, 34, 74]. Specifically, the importance 

of the regulation of neuronal functions through glial mRNA localisation and local 

translation at the tripartite synapses is only now gaining traction. Research on mRNA 

localisation and local translation in both neurons and glia can therefore shed light on 

some of the fundamental processes underlying memory and learning, including the 

roles which glial cells play in these. Essentially, localised translation in both neurons 

(near their synapses) and in perisynaptic glial cells (which come in contact with 

neuronal synapses) is a very attractive mechanisms for explaining how different 

synapses in the same neurons can be regulated independently and rapidly at a 

distance from the cell nucleus. 
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Some of the elementary functions of neurons and glia are highly tractable in model 

organisms, including Drosophila melanogaster. Flies have successfully been used in 

many basic neuroscientific studies, including a recent one from our laboratory [181]. 

Based on these results, there was strong indication that some transcripts identified to 

be present at the Drosophila 3rd instar NMJ were, in fact, predominantly glial 

transcripts [181]. As described previously (Section 1.5), the aim of this research was 

to analyse the localisation of mRNA and protein of 200 genes using their YFP protein 

traps [182]. Because each of the 200 different genes had the same insertion of DNA 

encoding the YFP protein within their sequence, the same set of smFISH probes 

against the YFP sequence could be used to detect all 200 mRNAs. Furthermore, the 

pattern of the YFP protein fluorescence allowed for the simultaneous examination of 

the protein expression and its comparison between the different YFP trap lines (Figure 

3-1). 
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Figure 3-1 Davis laboratory CPTI collection screen principle 

A simplified schematic of the experimental principle behind the study from the Davis laboratory which 

identified suspected nineteen transcripts present in the Drosophila 3rd instar NMJ glia[181]. Because all 

CPTI collection genes had YFP sequence inserted in them, using α-YFP probe allowed to detect the 

mRNA of any of those genes without having to design multiple probes. This principle was exploited to 

analyse the pattern of mRNA and protein localisation in the whole Drosophila 3rd instar nervous system. 

Nineteen of the analysed lines appeared to have mRNA and/or protein present at the NMJ in a pattern 

which matched neither the pre-synaptic nor the post-synaptic labelling. 

The pattern of protein and mRNA observed at the Drosophila 3rd instar NMJ of 

nineteen CPTI lines was unusual (Table 1-1). The YFP protein and some fluorescent 

spots representing single mRNA molecules observed at the NMJ were found neither 

directly in the axon terminal, nor in the postsynaptic density, but somewhere around 

and between the two, and often also in the NMJ muscle cells (Figure 1-6). Moreover, 

at least one of the proteins identified was a previously known glial marker (nrv2), and 

several of them were septate junction (SJ) proteins known to reside at the BBB created 

by the NMJ glia (Nrg, Atpα, Gli, Lac, cold and nrv2) [118, 201-208]. The pattern which 

these known glial-associated proteins made at the NMJ was comparable to that of the 
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remaining proteins on the “candidate glial protrusion-localised” list (Table 1-1), thus 

further indicating that all nineteen transcripts and proteins could be present in glial 

projections near the NMJ synapses. However, even though they all showed similar 

patterns of expression at the NMJ, the intensity of the YFP protein signal and the area 

occupied by it differed greatly, as did the numbers and distributions of the smFISH foci 

of the mRNAs encoding the proteins, labelled by probes against the YFP sequence 

[181]. 

While the glial localisation observed for the nineteen candidates in the preliminary 

results from our laboratory was striking, it remained a strong suggestion that was not 

conclusive in the absence of co-labelling with glial markers during the CPTI screen 

project. For that reason, it was necessary to use more definitive glial markers to 

confirm the location of putative glial transcripts and proteins at the NMJ with greater 

certainty. Repo-GAL4 driving the expression of membrane-targeted fluorescent 

proteins under UAS control is known to label the projections of glial cells whose distal 

compartments reach the Drosophila 3rd instar NMJ [121]. 

In this chapter, I used such glial projection labelling at the NMJ to assess the 

relationship between the glial projection boundaries and the pattern made by the 

mRNAs and protein of interest from CPTI lines of candidate projection-localised 

transcripts previously identified in our laboratory [181]. Confirmation of the presence 

of proteins of interest and their mRNAs in the glial periphery at the Drosophila 3rd instar 

NMJ could be indicative of their importance in the functioning of the NMJ synapse 

through glial control. Further research could then be done on the confirmed transcripts 

to understand their importance in the NMJ peripheral glia. 
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3.2 Specific aims of this chapter 

1. To test if any of the candidate transcripts with terminal mRNA and protein 

localisation at the Drosophila 3rd instar NMJ are localised to glial NMJ 

projections. 

2. To characterise the types of genes with mRNAs present in NMJ glia. 

3. To understand what patterns of mRNA localisation and protein expression 

these transcripts produce and assess their potential significance. 

3.3 Publication 

Parts of the research presented in this chapter have now been published in the Journal 

of Cell Biology, a paper in which I am one of the authors. 

Joshua S Titlow, Maria Kiourlappou, Ana Palanca, Jeffrey Y Lee, Dalia S Gala et al., 

2023. “Systematic analysis of YFP traps reveals common mRNA/protein discordance 

in neural tissues.” Journal of Cell Biology, https://doi.org/10.1083/jcb.202205129. 

The research presented in this chapter has also been published as a pre-print, where 

I am a co-first author, now under revision in the Journal of Cell Biology.  

Dalia S. Gala, Jeffrey Y. Lee, Maria Kiourlappou, Joshua S. Titlow, Rita O. Teodoro, 

Ilan Davis, “Mammalian glial protrusion transcriptomes predict localisation of 

Drosophila glial transcripts required for synaptic plasticity”, bioRxiv, 

https://doi.org/10.1101/2022.11.30.518536. 

Multiple co-authors contributed to both publications. I solely present the results which 

I have produced. 

https://doi.org/10.1083/jcb.202205129
https://doi.org/10.1101/2022.11.30.518536
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3.4 Materials and methods 

3.4.1 Fly stocks 

To test whether the nineteen NMJ localised mRNAs and proteins identified in the 

previous study from our laboratory are localised to Drosophila 3rd instar NMJ glia, I 

built a fly line to express UAS-mCD8-mCherry under the control of a pan-glial promoter 

in Drosophila, Repo (Repo>mCherry line), as described previously (2.12.1). I then 

crossed this line to all nineteen CPTI collection lines to test for the glial expression, 

and only larvae showing both mCherry and YFP expression were selected for 

assessment. The goal was to determine if the mCherry signal overlaps with the α-YFP 

probe signal or the YFP protein signal at the NMJ. Table 3-1 lists all the stocks used 

in this chapter. 

3.4.2 Microscopy techniques 

I used the smFISH technique (Section 2.5.1) as well as confocal microscopy (Section 

2.6.1) to examine the patterns made by the individual molecules of mRNA at the NMJ. 

Minimum 3 larvae and 15 NMJs were imaged and assessed, and images 

representative of this assessment are displayed in the Results section of this chapter 

(3.5). α-YFP probe sequences can be found in Table B-2 in the Appendix. The 

descriptions of the antibodies used can be found in Table 2-4. 
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Table 3-1 List of Drosophila melanogaster stocks used in Chapter 3 

Line name Line ID Line source Line description 

Oregon-R 5 BDSC Wild-type control 

nrv2::YFP CPTI001455 DGRC nervana 2 gene YFP protein trap line (Lowe et al., 2014) 

Gli::YFP CPTI002805 DGRC Gliotactin gene YFP protein trap line 

Flo2::YFP CPTI001427 DGRC Flotillin 2 gene YFP protein trap line 

Cip4::YFP CPTI003231 DGRC Cdc42-interacting protein 4 gene YFP protein trap line 

CG1648::YFP CPTI100012 DGRC CG1648 gene YFP protein trap line 

lost::YFP CPTI002437 DGRC lost gene YFP protein trap line 

CG42342::YFP CPTI000033 DGRC CG42342 gene YFP protein trap line 

Vha55::YFP CPTI002645 DGRC Vacuolar H+-ATPase 55kD subunit gene YFP protein trap line 

Atpα::YFP CPTI002636 DGRC Na pump α subunit gene YFP protein trap line 

Nrg::YFP CPTI002761 DGRC Neuroglian gene YFP protein trap line 

Lac::YFP CPTI001714 DGRC Lachesin gene YFP protein trap line 

α-Cat::YFP CPTI002408 DGRC α Catenin gene YFP protein trap line 

Pdi::YFP CPTI002342 DGRC Protein disulfide isomerase gene YFP protein trap line 

sdk::YFP CPTI000688 DGRC sidekick gene YFP protein trap line 

kst::YFP CPTI001728 DGRC karst gene YFP protein trap line 

cold::YFP CPTI001277 DGRC coiled gene YFP protein trap line 

shot::YFP CPTI001962 DGRC short stop gene YPF protein trap line 

Gs2::YFP CPTI001918 DGRC Glutamine synthetase 2 gene YFP protein trap line 

ORMDL::YFP CPTI002636 DGRC ORMDL gene YFP protein trap line. 

Repo-GAL4 7415 BDSC Expresses GAL4 in glia [155] 

UAS-mCD8-
mCherry/cyo-GFP 

27391 BDSC Expresses Cherry RFP fused to the mouse CD8 extracellular and 
transmembrane domains for membrane targeting under UAS control. 

cyo-GFP/Gla; 
tm6, tb/pri 

Crossed from 
BDSC stocks 

BDSC A double balanced stock carrying Cyo-GFP over Gla on the 2nd 
chromosome and tm6, tb over prickle on the 3rd chromosome. 

3.4.3 Biochemical techniques 

I used RT-PCR to confirm the site of insertion of the YFP exon for one of the candidate 

genes (Section 2.4.1). The detailed design of this experiment has been illustrated in 

Figure 3-26. The primers used for this experiment are listed in Table A-1 in the 

Appendix. 
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3.5 Results 

3.5.1 Control experiments 

The α-YFP probe was used in all experiments. I therefore I carried out two control 

experiments. Firstly, the α-YFP probe was applied to wild-type Oregon-R (OrR) NMJs 

to confirm there was no unspecific binding of this probe at the NMJ in the wild type 

NMJ. No signal was observed in the terminal axon projections at the NMJ (Figure 3-2). 

 

Figure 3-2 Control experiment for α-YFP probe signal in Oregon-R wild type 

Representative confocal microscopy image of the Drosophila 3rd instar NMJ in the control experiment 

with the use of wild-type Oregon-R line and α-YFP probe. DAPI and α-HRP antibody conjugated to 

Alexa 405 fluorophore are depicted in cyan, and the α-YFP probe, labelled with Atto 633, is depicted in 

white. The yellow ROI in the Overview (i) and mRNA (ii) panels (see top left corner for label details) is 

what is magnified in the Zoom-neuron (iii, α-HRP antibody only) and Zoom-mRNA (iv, α-YFP probe 

only) panels. Virtually no labelling is observed in the smFISH channel. Compare with signal observed 

in Figure 3-4 - Figure 3-24. Scale bar – i) and ii): 10 μm, iii) and iv) - 5 μm. 

Secondly, the α-YFP probe was used on the Repo>mCherry line to confirm that there 

was no non-specific binding within the glial region of the NMJ. No signal was observed 

in the terminal axon or glial projections at the NMJ (Figure 3-3). Overall, through these 
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controls I confirmed the lack of unspecific binding of the α-YFP probe in the NMJ 

region, as expected. 

 

Figure 3-3 Control experiment for α-YFP probe signal in Repo>mCherry line 

Representative confocal microscopy image of the Drosophila 3rd instar NMJ in the control experiment 

with the use of the line which was constructed to label the glial cells (magenta, Repo>mCherry, 

genotype UAS-mCD8-mCherry/+; Repo-GAL4/+) and α-YFP probe (white, α-YFP probe conjugated to 

Atto 633) at the Drosophila 3rd instar NMJ. DAPI and α-HRP antibody conjugated to Alexa 405 

fluorophore are depicted in cyan. The yellow ROI in the Overview (i) and mRNA (ii) panels (see top left 

corner for label details) is what is magnified in the Zoom-glia (iii, Repo>mCherry only) and Zoom-mRNA 

(iv, α-YFP probe only) panels. Virtually no labelling is observed in the smFISH channel. Compare with 

signal observed in Figure 3-4 - Figure 3-24. Scale bar – i) and ii): 10 μm, iii) and iv) - 5 μm. 

3.5.2 Exploration of the mRNA and protein localisation of the candidates to the NMJ 

glial projections 

After the crossing of the CPTI lines to the Repo>mCherry line, I examined the patterns 

made by the transcripts and observed where the mRNA spots were in comparison with 

the glial cell projection labelling (Repo>mCherry). These results are summarised in 

Table 3-2. 
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The α-YFP probe smFISH signal indicating the mRNA distribution fell into three 

classes: 

1. mRNAs preferentially seen in the NMJ glial projections: nrv2 (Figure 3-4), Gli 

(Figure 3-5), Flo2 (Figure 3-6), Atpα (Figure 3-7), Lac (Figure 3-21), cold (Figure 

3-18), CG42342 (Figure 3-9), sdk (Figure 3-14), ORMDL (Figure 3-13). This is 

marked as “Preferentially” in Table 3-2. 

2. mRNAs seen both in the NMJ glial projections and in the surrounding muscle 

or other tissue: CG1648 (Figure 3-8), Vha55 (Figure 3-11), Pdi (Figure 3-19), 

lost (Figure 3-10), α-Cat (Figure 3-12), kst (Figure 3-15), Cip4 (Figure 3-17), 

shot (Figure 3-16), Nrg (Figure 3-20). This is marked as “Not preferentially” in 

Table 3-2. 

3. mRNAs seen in the NMJ glial projections in some NMJs, but both in the NMJ 

glial projections and in the surrounding muscle in others: Gs2 (Figure 3-22, 

Figure 3-23, Figure 3-24). This is a mix of “Preferentially” and “Not 

preferentially” and is indicated as “Varying” in Table 3-2.  

The proteins were distributed in a manner that fell into 3 classes: 

1. Protein preferentially present within the NMJ glial projections labelling: nrv2, 

Gli, Flo2, Lac, cold, Gs2, Nrg, CG42342, CG1648, Pdi, Vha55, Cip4. This is 

marked as “Preferentially” in Table 3-2. 

2. Protein present both within the NMJ glial projections labelling and in other 

areas: kst, shot, Atpα. This is marked as “Not preferentially” in Table 3-2. 

3. Protein not present within the NMJ glial projections labelling: sdk, ORMDL, lost, 

α-Cat. This is marked as “No” in Table 3-2. 
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Table 3-2 Comparison of CPTI lines mRNA and protein localisation with glial cell labelling 

Transcript knocked down Is mRNA in glia? Is protein in glia? 
nrv2 Preferentially Preferentially 
Gli Preferentially Preferentially 
Flo2 Preferentially Preferentially 
Cip4 Not preferentially Preferentially 
CG1648 Not preferentially Preferentially 
lost Not preferentially No 
CG42342 Preferentially Preferentially 
Vha55 Not preferentially Preferentially 
Atpα Preferentially Not preferentially 
Nrg Not preferentially Preferentially 
Lac Preferentially Preferentially 
α-Cat Not preferentially No 
Pdi Not preferentially Preferentially 
sdk Preferentially No 
kst Not preferentially Not preferentially 
cold Preferentially Preferentially 
ORMDL Preferentially No 
Gs2 Varying Preferentially 
shot Not preferentially Not preferentially 

I classify the presence of mRNA in the glia as either present “Preferentially”, where many of the mRNA 

spots overlap with the glial labelling, and there aren’t many more mRNA spots outside of the glial area, 

“Not preferentially”, where the mRNA spots are everywhere in the imaged area, and “Varying”, which 

is a combination of “Preferentially” and “Not preferentially. For protein, “Preferentially” means that the 

protein signal overlaps with the glial labelling, “Not preferentially” means that the protein is making a 

different, not necessarily glial-projection-resembling pattern (which does not exclude the protein 

presence from glia, rather indicates that it can also be present in different areas), and “No”, which 

means the protein is not seen in the NMJ glial projections. 

Below, I proceed to discuss individual candidate protrusion-localised transcripts of the 

nineteen genes previously identified in the Davis laboratory and their mRNA and 

protein distribution with respect to the NMJ glial projection labelling. 

3.5.2.1 nrv2 is a known marker of WG and an enzyme subunit 

nrv2 protein is a known marker of WG [118]. The nrv2 gene encodes two isoforms of 

nrv2 protein, nrv2.1 and nrv2.2, which are β subunits of the Na+/K+ ATPase enzyme 

which is part of SJ complexes. The enzyme is an α/β multimer, and the α subunits are 
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encoded by Atpα, also involved in my research, which I discuss later. Through the 

transport of three sodium cations out of and two potassium cations into the cell per 

single ATP molecule hydrolysis, the Na+/K+ ATPase is responsible for producing an 

electrochemical gradient across the neuronal plasma membrane [209]. The members 

of this enzyme complex, including nrv2 and Atpα, are necessary for the control of the 

size of the epithelial tubes in the Drosophila tracheal system and correct SJ function 

[203]. 

SJs, which nrv2 is a part of, are functional equivalents of the mammalian Tight 

Junctions (TJs) [207]. At the Drosophila 3rd instar NMJ, they participate in the 

formation of the BBB, where SPG form SJs to prevent paracellular diffusion [210]. 

The pattern which I observed for the nrv2::YFP expression is consistent with the 

known nrv2 function in SPG, but since I used a pan-glial driver, Repo, I cannot 

distinguish the glial subtypes with this experiment. Both protein and mRNA were 

observed within the NMJ glial projection labelling (Figure 3-4). 
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Figure 3-4 nrv2::YFP protein and multiple mRNA molecules are present in terminal glial 

projections 

i) Representative confocal microscopy image of the nrv2::YFP protein (green) and mRNA (white, α-

YFP probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Several mRNA foci overlap with the glial membrane signal (yellow oval and circular 

ROIs), and so does the protein signal. ii-iv) Zoomed-in view of the yellow rectangular ROI from i) (see 

labels for details). Scale bar - 10 μm. 
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3.5.2.2 Gli is a SJ protein 

Gli is also a SJ protein necessary for the correct function of the BBB [201]. The amount 

of mRNA expressed at the NMJ was low, and so was the amount of protein. The area 

occupied by the protein signal seemed lower than in the case of nrv2 (Figure 3-5). 

 

Figure 3-5 Several Gli::YFP mRNA molecules and little yet specifically concentrated protein 

signal are present in terminal glial projections 

i) Representative confocal microscopy image of the Gli::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Numerous individual mRNA foci overlap with the glial membrane signal (yellow 

circular ROIs). There is very little protein signal. ii-iv) Zoomed-in view of the yellow rectangular ROI 

from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.3 Flo2 is a lipid raft protein 

Flo2 is a protein belonging to the flotillin family. The members of this family are highly 

conserved among different species and reside in caveolae-enriched lipid rafts in the 

plasma membrane [211]. Flotillins also interact closely with SJs [212]. Flo2 is known 

to be highly expressed in the Drosophila nervous system and present at specific 

synaptic sites [213]. 

When comparing the expression of Flo2::YFP mRNA and protein to the glial 

membrane labelling pattern at the NMJ, I observed that several mRNA molecules were 

found within the glial labelling area, but some were found in the muscle area, and the 

protein pattern matched the pattern of the glial projection labelling very closely (Figure 

3-6). 
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Figure 3-6 Flo2::YFP protein fills glial projections, while numerous mRNA molecules are present 

both inside the terminal glial projections and elsewhere 

i) Representative confocal microscopy image of the Flo2::YFP protein (green) and mRNA (white, α-

YFP probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Several mRNA molecules overlap with the glial membrane signal (yellow oval and 

circular ROIs). The protein signal overlaps closely with the glial membrane. ii-iv) Zoomed-in view of the 

yellow rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.4 Atpα is a catalytic enzyme subunit 

Much like nrv2, Atpα, is part of the same Na+/K+ ATPase enzyme complex at SJs. It 

is also necessary for the correct function of SJs and epithelial tube size in the 

Drosophila tracheal system [203]. Atpα encodes the catalytic subunit of the Na+/K+ 

ATPase, and mutations in Atpα lead to numerous aberrations, including behavioural 

irregularities and the hyperexcitability of the neurons [214]. 

Through my results, I observed that Atpα::YFP protein pattern at the NMJ appeared 

to follow the pattern of the neuronal staining (Alexa 405 conjugated α-HRP antibody) 

as well as the glial membrane labelling. mRNA molecules appeared to be present in 

the region of overlap between the neuronal and glial membrane labelling, as well as 

in the muscle cells (Figure 3-7). 
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Figure 3-7 Few Atpα::YFP mRNA molecules are present in terminal glial projections and the 

protein is abundant in both glial and axon projections 

i) Representative confocal microscopy image of the Atpα::YFP protein (green) and mRNA (white, α-

YFP probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Atpα::YFP protein pattern resembles that of the neuronal membrane labelling closely. 

The mRNA molecules are distributed both where the neuronal and glial labelling overlaps, but also in 

the muscle area (yellow circular ROIs). ii-iv) Zoomed-in view of the yellow rectangular ROI from i) (see 

labels for details). Scale bar - 10 μm. 
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3.5.2.5 CG1648 is not a well characterised gene in Drosophila 

CG1648 does not have well characterised roles in Drosophila. One paper reports that 

its expression is known to decrease in mated females relative to virgin females [215]. 

Using Drosophila RNAi Screening Center Integrative Ortholog Prediction Tool 

(DIOPT; http://www.flyrnai.org/diopt), CG1648 predicted human orthologue is PLIN4, 

which is a protein that coats nascent lipid droplets, indicating that CG1648 protein 

could perform a similar function [216, 217]. However, the rank of this prediction is low, 

and, ultimately, not much is known about the function of this protein in Drosophila. 

I have observed that the expression of the YFP tagged CG1648 overlaps with the 

neuronal and glial labelling, and its mRNA is present densely throughout the NMJ 

(Figure 3-8). 

http://www.flyrnai.org/diopt
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Figure 3-8 CG1648::YFP mRNA is plentiful at the NMJ and the protein is present in terminal glial 

and axon projections 

i) Representative confocal microscopy image of the CG1648::YFP protein (green) and mRNA (white, 

α-YFP probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial 

projections (Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore 

are depicted in cyan. CG1648::YFP protein pattern resembles that of the glial membrane labelling 

closely, but simultaneously the protein appears to also be in the neuronal boutons. CG1648::YFP 

mRNA is distributed ubiquitously and densely in the NMJ. Some mRNA molecules overlap with the glial 

membrane signal (yellow circular ROIs). ii-iv) Zoomed-in view of the yellow rectangular ROI from i) (see 

labels for details). Scale bar - 10 μm. 
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3.5.2.6 CG42342 is a predicted Drosophila collagen gene 

This gene is also not well characterised in Drosophila. It is orthologous to human 

COL13A1 (collagen type XIII alpha 1 chain), and thus predicted to be a component of 

the ECM [217]. It has previously been shown that collagen XIII is necessary for the 

integrity of the neuromuscular synapse, both pre- and post-synaptically [218].  

Upon the examination of the pattern made by this protein tagged with YFP and its 

mRNA, it appeared that CG42342::YFP was mostly localised to the Drosophila NMJ 

glia, while the mRNA molecules were both in glia and in the surrounding muscle, 

though sparsely distributed (Figure 3-9). 
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Figure 3-9 Few CG42342::YFP mRNA molecules are present in terminal glial projections and 

elsewhere at the NMJ but the protein is more exclusive to the terminal glial projections 

i) Representative confocal microscopy image of the CG42342::YFP protein (green) and mRNA (white, 

α-YFP probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial 

projections (Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore 

are depicted in cyan. CG42342::YFP mRNA is sparse and mostly within the glial labelling (yellow 

circular ROIs). CG42342::YFP protein expression pattern is overlapping closely and accurately with 

that of the glial labelling. ii-iv) Zoomed-in view of the yellow rectangular ROI from i) (see labels for 

details). Scale bar - 10 μm. 
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3.5.2.7 lost is a protein of known importance in mRNA localisation 

The gene lost encodes a protein which is known to be involved in correct mRNA 

localisation during Drosophila embryogenesis through interaction with RBPs [219]. 

Thus, its presence in my dataset was promising, as it could indicate the need to 

localise or locally regulate the mRNA repertoire of the NMJ synapse and its glia. 

Both the lost::YFP protein and mRNA seemed to be diffusely localised throughout the 

entire NMJ. The protein appeared like it could be present in the strata of the muscle 

cells of the NMJ, as well as within the NMJ glial projections labelling (Figure 3-10). 
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Figure 3-10 Many lost::YFP mRNA molecules are present at the NMJ, including in terminal glial 

projections, while the protein signal is weak and diffuse 

i) Representative confocal microscopy image of the lost::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. lost::YFP mRNA is present ubiquitously within the glial projection labelling (yellow 

oval and circular ROIs) and the surrounding area. lost::YFP protein is present within the NMJ glial 

projections labelling, but the signal is weak, and is also present in the surrounding muscle cells. ii-iv) 

Zoomed-in view of the yellow rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.8 Vha55 is a subunit of a proton pump enzyme 

Vha55 gene encodes the non-catalytic subunit of the vacuolar (H+)-ATPase (V-

ATPase) responsible for the acidification of selected intra and extracellular 

compartments [220]. This protein is required for planar cell polarity, and it has been 

shown on numerous occasions that mutations in its gene are lethal [220, 221]. It was 

interesting that this protein was identified in our laboratory to be potentially present in 

the NMJ glia, because it was previously observed that the pattern of expression of 

Vha55 in the nervous system resembled that of cell junctions characteristic of the PG, 

as well as that of Moody antibody staining, characteristic of contacts between SPG 

and the underlying CG [111, 112, 222, 223]. 

From my observations, it appeared that the protein was indeed mostly concentrated 

in the same area as the NMJ glial projection labelling, but it was also present in the 

muscle. Moreover, the mRNA was evenly distributed in the entire NMJ area, with 

several molecules localising to the same area as glial projection labelling (Figure 

3-11). 
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Figure 3-11 Numerous Vha55::YFP mRNAs are present at the NMJ, with some in terminal glial 

projections, where the protein is concentrated 

i) Representative confocal microscopy image of the Vha55::YFP protein (green) and mRNA (white, α-

YFP probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. The mRNA is uniformly distributed throughout the entire NMJ area, and several mRNA 

molecules overlap with the glial membrane labelling. The protein signal seems to be present mostly 

within the glial labelling, but also partially in the muscle area. ii-iv) Zoomed-in view of the yellow 

rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.9 α-Cat is an adherens junction protein 

This protein interacts with multiple representatives of the cadherin family, through 

which a link is made to the actin filament network [224]. Thus, α-Cat can modulate 

cell-adhesion properties of cadherins and is instrumental in adherens junctions 

stability [225, 226]. 

From my observation, α-Cat::YFP protein is not present in the glial labelling area of 

the NMJ; the mRNA is distributed sparsely throughout the whole area, and some 

mRNA spots overlap with the glial labelling (Figure 3-12). 
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Figure 3-12 α-Cat::YFP mRNAs are sparsely distributed throughout the NMJ, including few in 

terminal glial projections 

i) Representative confocal microscopy image of the α-Cat::YFP protein (green) and mRNA (white, α-

YFP probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. The mRNA is sparsely distributed throughout the entire NMJ area, and several mRNA 

molecules overlap with the glial membrane labelling (yellow oval and circular ROIs), but there is no 

obvious protein pattern made by this protein at the NMJ. ii-iv) Zoomed-in view of the yellow rectangular 

ROI from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.10 ORMDL is a sphingolipid synthesis regulator 

The ORMDL family of proteins are endoplasmic reticulum transmembrane proteins 

known to regulate sphingolipid synthesis [227]. They are studied extensively in asthma 

and other respiratory conditions, including in the fly, where it was found that 

deregulation of ORMDL, the only Drosophila member of this family, modulates repair 

pathways in Drosophila airways and causes increased stress responses [228]. 

Intriguingly, my examination of the pattern which ORMDL::YFP and its mRNA made 

at the Drosophila NMJ revealed very high mRNA levels overlapping nearly perfectly 

with the glial labelling (Figure 3-13). In contrast to this observation, the presence of 

mRNA was not accompanied by high level of protein expression, as there was no 

protein signal observed at the NMJ. Thus, I was unsure if this YFP trap was indeed 

representative of ORMDL protein. 
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Figure 3-13 ORMDL::YFP mRNA is concentrated in terminal glial projections but no protein is 

present at the NMJ 

i) Representative confocal microscopy image of the ORMDL::YFP protein (green) and mRNA (white, α-

YFP probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. ORMDL::YFP mRNA appears to be present exactly where the glial signal is seen, 

while ORMDL::YFP protein does not appear to be present at all at the NMJ. ii-iv) Zoomed-in view of the 

yellow rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.11 sdk is a member of tricellular adherens junctions 

sdk is also a protein which modulates the actin cytoskeleton through participation in 

E-cadherin dynamics at tricellular adherens junctions and synapses [229, 230]. It is a 

member of the immunoglobulin (Ig) superfamily (IgSF); it promotes actin branching 

and lengthening of cell-cell contacts, necessary for pattern formation in the Drosophila 

eye [231, 232].  

Similar to ORMDL::YFP, during my investigation of the sdk::YFP protein and mRNA 

patterns at the Drosophila NMJ, I discovered a significant overlap between the mRNA 

levels and the glial labelling. However, in contrast to this finding, the presence of 

mRNA did not correspond to a high level of protein expression. Notably, no protein 

signal was observed at the NMJ (Figure 3-14). 
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Figure 3-14 sdk::YFP mRNA is densely concentrated in terminal glial projections, but no protein 

signal is present at the NMJ 

i) Representative confocal microscopy image of the sdk::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. sdk::YFP protein does not appear to be present at all at the NMJ, while sdk::YFP 

mRNA appears to be present exactly where the glial signal is seen, much like in the ORMDL::YFP line 

(Figure 3-13). ii-iv) Zoomed-in view of the yellow rectangular ROI from i) (see labels for details). Scale 

bar - 10 μm. 
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3.5.2.12 kst is a spectrin required for actin dynamics 

kst protein is a member of the spectrin family and is also known as the Drosophila 

ßHeavy-Spectrin. α-Spectrin and ßHeavy-Spectrin form a heterotetramer which 

performs a scaffold function by crosslinking F-actin [233]. kst together with nrv2 were 

previously found to be important in correct polarisation of EG; mutations in kst resulted 

in abnormal locomotion comparable to that observed in complete ablation of EG [234]. 

I observed both kst::YFP protein and mRNA at the Drosophila NMJ. The protein was 

partially present in the glia, particularly in one of the glial protrusions on the muscle 

surface, while only a few spots of mRNA overlapped with the glial labelling (Figure 

3-15). 
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Figure 3-15 Very few kst::YFP mRNA molecules are present at the NMJ, while the protein is 

localised to the trachea 

i) Representative confocal microscopy image of the kst::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. kst::YFP protein is present in the NMJ glia, but also in the trachea (auto-fluorescent 

in the 405 channel), while kst::YFP mRNA appears to be present in the surrounding muscle and the 

trachea, with two molecules co-localising with the glial signal (yellow circular ROIs). ii-iv) Zoomed-in 

view of the yellow rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.13 shot is a cytoskeletal linker protein 

shot is a spectraplakin family member. These proteins are cytoskeletal linker 

molecules which connect both actin and microtubules (MTs), and other scaffold 

proteins [235]. shot also participates in muscle-tendon junction formation and filopodia 

formation during neuronal growth by controlling microtubule assembly [236, 237]. 

My experiments revealed shot::YFP signal at the NMJ overlapping with glia, but also, 

partially, the neuronal staining (Figure 3-16). There were very few mRNA spots of 

shot::YFP mRNA at the NMJ, and some of them overlapped with the glial labelling, 

too. 
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Figure 3-16 Minimal shot::YFP mRNAs are present at the NMJ, with few in terminal glial 

projections, where protein signal can be observed 

i) Representative confocal microscopy image of the shot::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression patterns in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. There are only a few mRNA spots of shot::YFP mRNA, and most of them overlap with 

the glial membrane labelling signal (yellow circular ROIs). The protein expression of shot::YFP is quite 

weak; it overlaps with glial signal, but also appears diffuse throughout the muscle. ii-iv) Zoomed-in view 

of the yellow rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.14 Cip4 is a membrane curvature regulator 

Cip4 is a membrane dynamics regulator possessing an F-BAR domain [238, 239]. At 

the Drosophila NMJ, Cip4 was found to inhibit synaptic growth by acting post-

synaptically and reducing the secretion of retrograde NMJ growth signals [240]. 

I have observed mRNA of Cip4::YFP throughout the Drosophila NMJ and not confined 

to the area of the glial labelling. I have however observed a faint pattern of Cip4::YFP 

protein overlapping with the glial labelling, and largely within its confines (Figure 3-17).  
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Figure 3-17 Some Cip4::YFP mRNA molecules are present at the NMJ, including a few in terminal 

glial projections, where the Cip4::YFP protein signal is almost exclusively found 

i) Representative confocal microscopy image of the Cip4::YFP protein (green) and mRNA (white, α-

YFP probe labelled with Atto 633) expression pattern in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. The mRNA expression is sparse everywhere in the NMJ, and a few individual foci 

overlap with the glial signal (yellow circular ROIs). The protein signal is low, but the visible almost 

exclusively in the glia. ii-iv) Zoomed-in view of the yellow rectangular ROI from i) (see labels for details). 

Scale bar - 10 μm. 
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3.5.2.15 cold is a SJ protein 

cold encodes a protein which is necessary for SJ formation which belongs to Ly6 

family of membrane glycoproteins [208]. It has been studied in the context of BBB 

formation in Drosophila, where it was found to be necessary for the correct placement 

of SJs between the SPG, and the maintained barrier integrity [206, 241]. 

cold::YFP protein expression pattern overlapped very closely with the glial labelling 

pattern. cold::YFP mRNA was sparse at the NMJ, but mostly present within the glial 

labelling area (Figure 3-18). 
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Figure 3-18 cold::YFP protein is concentrated in terminal glial projections accompanied by few 

mRNAs 

i) Representative confocal microscopy image of the cold::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression pattern in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. The mRNA expression and protein expression overlap nearly perfectly with the glial 

labelling (yellow circular ROIs). The protein signal is low, but visible almost exclusively in the glia. ii-iv) 

Zoomed-in view of the yellow rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.16 Pdi is a protein disulfide-isomerase 

Pdi is a protein disulfide-isomerase necessary for the folding of proteins containing 

disulfide bonds [242, 243]. It was interesting to learn that it was suspected to be 

present in the NMJ glia as these cells have long projections which reach far away from 

the cell nucleus. One could expect that protein folding might take place closer to the 

soma rather than in the protrusions. 

Pdi::YFP protein pattern overlapped nearly perfectly with the glial labelling. Its mRNA 

was distributed sparsely and evenly throughout the NMJ area, with several spots also 

overlapping with the glial labelling (Figure 3-19). 
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Figure 3-19 Pdi::YFP mRNA is abundant at the NMJ and protein is concentrated to the terminal 

glial projections, where several mRNA molecules can be found 

i) Representative confocal microscopy image of the Pdi::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression pattern in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Pdi::YFP mRNA is distributed uniformly in the whole NMJ, and several mRNA 

molecules are found in glia (yellow circular ROIs). Pdi::YFP protein is found exclusively in glia. ii-iv) 

Zoomed-in view of the yellow rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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3.5.2.17 Nrg is a cell adhesion protein important in neurite outgrowth 

Nrg protein participates in cell-cell adhesion, particularly processes such as SJ 

formation and axon guidance, as well as neurite outgrowth during developmental 

neuritogenesis and axonogenesis [202, 244, 245]. It is also known to take part in 

synapse formation, where it organises MTs in the synaptic terminal, leading to correct 

formation of active zones [246].  

I observed that Nrg::YFP protein expression overlaps closely with the glial labelling, 

but also appears to be present in the muscle cells. Nrg::YFP mRNA seems to be 

distributed evenly throughout the NMJ area, and many mRNA spots overlap with the 

glial labelling (Figure 3-20). 
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Figure 3-20 Numerous Nrg::YFP mRNAs are distributed in the NMJ while the protein is more 

specific to the terminal glial projections 

i) Representative confocal microscopy image of the Nrg::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression pattern in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Nrg::YFP mRNA is distributed evenly in the NMJ area, and several mRNA molecules 

are found in glia (yellow circular ROIs). Nrg::YFP protein expression overlaps with the glial labelling, 

but is also found in the muscle strata. ii-iv) Zoomed-in view of the yellow rectangular ROI from i) (see 

labels for details). Scale bar - 10 μm. 
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3.5.2.18 Lac is a SJ protein 

Lac is yet another protein which participates in cell adhesion. It belongs to the IgSF 

and is expressed on the cell surface [205]. Like many other candidate glial-projection 

localised genes observed in the CPTI screen in our laboratory, this protein is also a 

member of SJ complexes and it participates in correct formation of the tracheal system 

in Drosophila [204].  

In my experiments, I observed that Lac::YFP protein expression overlapped nearly 

perfectly with the glial membrane labelling at the NMJ. Lac::YFP mRNA spots 

appeared to be mostly overlapping with the glial labelling, but some mRNA spots were 

also present in the muscle area (Figure 3-21). 
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Figure 3-21 Several Lac::YFP mRNAs are present in the NMJ in terminal glial projections with 

bright and concentrated Lac::YFP protein signal 

i) Representative confocal microscopy image of the Lac::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression pattern in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Lac::YFP protein expression overlaps very closely with the glial labelling. Lac::YFP 

mRNA is mostly found in the glia (yellow circular ROIs), but some spots are also found in the muscle 

area. ii-iv) Zoomed-in view of the yellow rectangular ROI from i) (see labels for details). Scale bar - 10 

μm. 

  



 102 

3.5.3 Gs2::YFP protein and mRNA localise to “glial boutons” 

One of the most interesting candidate protrusion-localised transcripts was Gs2, which 

is an enzyme responsible for converting glutamate to glutamine [247]. Gs2::YFP 

protein and mRNA were found in different compartments in different NMJs. In some 

cases, both the mRNA and protein expression overlapped nearly perfectly with the 

glial labelling (Figure 3-22). In others, however, the mRNA expression seemed to be 

present everywhere in the muscle, while the protein expression was still confined to 

the glial labelling area (Figure 3-23). This was an interesting observation, because it 

suggested that mRNA of Gs2 could be selectively expressed in varying tissues, 

pointing to some type of temporal or spatial control. 

In some NMJs, Gs2::YFP protein was observed to be localised to areas with the glial 

labelling which were independent of and separate from the axon terminal boutons, 

which I refer to as “glial boutons”. Moreover, these “glial boutons” contained several 

molecules of Gs2::YFP mRNA each (Figure 3-24). Hence, it is possible to speculate 

that Gs2 protein performs a key function in these boutons, and local translation might 

be necessary for that function. 
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Figure 3-22 Gs2::YFP mRNA and protein are specifically concentrated in terminal glial 

projections 

i) Representative confocal microscopy image of the Gs2::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression pattern in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Gs2::YFP protein closely overlaps with the Repo>mCherry expression. Gs2::YFP 

mRNA is present nearly exclusively in the glia in this NMJ. ii-iv) Zoomed-in view of the yellow 

rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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Figure 3-23 Abundant Gs2::YFP mRNAs are present everywhere in the NMJ while the protein 

signal is still concentrated and exclusive to terminal glial projections 

i) Representative confocal microscopy image of the Gs2::YFP protein (green) and mRNA (white, α-YFP 

probe labelled with Atto 633) expression pattern in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Gs2::YFP protein closely overlaps with the Repo>mCherry expression. Gs2::YFP 

mRNA is present both in the glia, including in some regions with particularly high concentration of 

molecules of Gs2::YFP mRNA glia (yellow circular ROIs), but also everywhere in the surrounding 

muscle, thus showing a different mRNA expression pattern when compared to Figure 3-22. ii-iv) 

Zoomed-in view of the yellow rectangular ROI from i) (see labels for details). Scale bar - 10 μm. 
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Figure 3-24 Gs2::YFP mRNA and protein are present in glial structures separate from the axon 

terminal boutons 

A. Confocal microscopy image presenting the Gs2::YFP protein (green) and mRNA (white, α-YFP probe 

labelled with Atto 633) expression pattern in the Drosophila 3rd instar NMJ glial projections 

(Repo>mCherry, magenta). DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are 

depicted in cyan. Gs2::YFP protein and mRNA localise to glial boutons which do not overlap with 

synaptic boutons. Red panels in the overview (i-iii) are enlarged on the right (Zoom) and individual 

channels (see label above) present three individual glial boutons with Gs2::YFP protein and mRNA in 

them. The yellow dotted line ROIs in each panel (i-iii) correspond to the glial bouton outline in each 

case. For all three boutons, the glial bouton does not overlap with the axon terminal and is a separate, 

independent structure in which local translation might be happening, based on the abundance of mRNA 

and, sometimes, protein (i and iii), in those boutons. Scale bars - 10 μm (Overview), 2 μm (Zoom). 
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3.5.4 Two perplexing genes: high RNA levels, but no protein 

ORMDL::YFP and sdk::YFP were the two genes which stood out in my experiments 

because they had the highest levels of mRNA in glial processes. Remarkably, neither 

line contained protein within the NMJ glial labelling. This discordance in the level of 

mRNA and protein could be explained by strong translational repression of the mRNA, 

or by a technical artefact. To rule out the latter, I designed a gene-specific smFISH 

probe against the coding sequence of ORMDL (labelled with Alexa 568) and compared 

it to the signal from the YFP smFISH probe in the same sample. The endogenous 

ORMDL mRNA pattern looked nothing like the α-YFP probe pattern, indicating that 

the α-YFP exon smFISH signal does not arise from an ORMDL reporter (Figure 3-25). 

The absence of protein signal suggests that the reporter is not inserted into an open 

reading frame and is therefore not being properly translated.  
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Figure 3-25 α-YFP probe in ORMDL::YFP line does not co-localise with α-ORMDL exon probe 

A. Representative confocal microscopy image of a Drosophila 3rd instar larval NMJ from the 

ORMDL::YFP line, labelled with both the α-YFP exon (Atto 633) and α-ORMDL exon (Alexa 568) 

smFISH probes. DAPI and α-HRP antibody conjugated to Alexa 405 fluorophore are depicted in cyan. 

B-C. A zoomed in view showing only the smFISH channel with α-YFP probe (B) and α-ORMDL exon 

probe (C). B-C. i-ii) depict the respective zoomed in ROIs of individual smFISH channels which show 

that ORMDL::YFP mRNA signal does not co-localise with the endogenous ORMDL exon mRNA signal. 

Scale bars – 10 μm (A-C), 5 μm (B-C i-ii)). 
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The ORMDL::YFP line had the following warning in the original publication which 

described the lines: Possible insertion in 5' UTR of ORMDL. RACE data indicate 

insertion in Hsp70B. Nuclear GP localisation not consistent with either. Use with 

caution [182]. Intrigued by the unusually strong mRNA expression pattern and the lack 

of clarity regarding the insertion site, I performed genetic analysis of the insertion to 

better understand what caused the artefact. RT-PCR was carried out with primers 

especially designed to amplify the YFP sequence and the insert sequences from both 

sides and understand whether possibly YFP was inserted in the wrong orientation in 

the ORMDL::YFP line (Figure 3-26). While the YFP sequence was amplified, no 

sequences were amplified when “neighbouring” ORMDL probes were used (Figure 

3-27).  
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Figure 3-26 RT-PCR experimental design 

Forward and reverse primers were designed against both the YFP sequence (a) and against a middle 

fragment of the ORMDL sequence (b). c) Four experimental sets (1-4) were designed and used in three 

different experiments: with ORMDL::YFP line, negative control where water was used instead of DNA, 

and OrR line. It was expected that in experiment 1, only ORMDL::YFP line would have a fragment 

amplified, because it is the only one which should have the YFP sequence, and similarly either 

experiment 2 or 3 would show a band for ORMDL::YFP line, depending on the YFP orientation in the 

insert. Experiment 4 was expected to have a band for both the OrR and ORMDL::YFP line (since the 

CPTI lines can be heterozygous and have one wild type chromosome and one chromosome with the 

YFP insertion). Hence, 12 experiments were run: 4 for the ORMDL::YFP line, 4 for the empty PCR 

control and 4 for the OrR line. 
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Figure 3-27 Result of the RT-PCR experiment with the ORMDL::YFP line 

ORMDL::YFP line (ORMDL1-4), the empty control (Control1-4) and the OrR positive control (WT1-4). 

As expected, the YFP sequence is amplified for experiment 1 in the ORMDL::YFP line, and for 

experiment 4, ORMDL sequence without the insert is amplified both for the OrR (WT4) control and for 

the ORMDL::YFP (ORMDL4) line. The negative control worked, as nothing is amplified, and WT1-4 

show no YFP mRNA expression, as expected. However, in the ORMDL::YFP line experiments, 

ORMDL2 and ORMDL3 have no bands, indicating that the insert is not in the ORMDL gene. Considering 

that no protein expression was observed in the smFISH experiments (Figure 3-13), it is reasonable to 

assume that the YFP is inserted in some different region which is not translated but is transcribed in 

glial cells. Since ORMDL4 band is similarly pronounced to the WT4 band, it is not certain whether the 

YFP is inserted anywhere near the ORMDL gene at all in the ORMDL::YFP line simply based on the 

CPTI lines being heterozygous. 
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Based on the results of the RT-PCR experiment, a conclusion could be reached that 

the YFP insert is probably not in the ORMDL gene. sdk::YFP mRNA shows a similar 

expression pattern with no protein expression. It was therefore possible the insert is 

mapped incorrectly for this gene, too. Upon the examination of the larval ventral nerve 

cords (VNCs), however, I noticed sdk::YFP protein signal. However, in the 

ORMDL::YFP larvae, there was still no YFP protein signal and a lot of mRNA signal 

(Figure 3-28). 
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Figure 3-28 Comparison of the larval brains from the sdk::YFP and ORMDL::YFP lines 

A. Representative confocal microscopy image of the sdk::YFP protein (green) signal clearly visible in 

the VNC of the Drosophila 3rd instar larvae. mRNA is shown in white (α-YFP probe labelled with Atto 

633) and glial cells membrane in magenta (Repo>mCherry). Panels labelled i) present a zoomed-in 

single-channel view of the yellow rectangular ROI from A. (see labels for details). Scale bar - 25 μm 

(see B, Overview), 10 μm (see B i). B. Representative confocal microscopy image showing the lack of 

ORMDL::YFP protein (green) signal in VNC of the Drosophila 3rd instar larvae. mRNA is shown in white 

(α-YFP probe labelled with Atto 633) and glial cells membrane in magenta (Repo>mCherry). Panels 

labelled ii) present a zoomed-in single-channel view of the yellow ROI from B (see labels above row A 

for details). Scale bar - 25 μm (Overview), 10 μm (ii). 
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3.6 Discussion 

The results show conclusively that for all the candidate genes, at least some mRNA 

spots detected with α-YFP probe in their CPTI lines were observed to overlap with the 

glial projection membrane labelling at the Drosophila NMJ. These mRNAs are 

therefore located very near the sites of synaptic activity at the Drosophila NMJ. 

Additionally, the analysis of previous literature confirms that many of these candidates 

have been found localised to glial projections in various studies and in different 

organisms, even in different glial cell types, or produced a defect when knocked down 

by RNAi in glial cells of Drosophila [248, 249]. 

3.6.1 Protrusion-localised transcripts tie to cell adhesion and cytoskeleton 

As previously discussed in the introduction to this chapter, many of the identified genes 

whose transcripts are localised to the terminal glial NMJ projections are known to be 

involved in cell-cell adhesion and SJs formation. SPG of the NMJ form the BBB, and 

they maintain its integrity and selective permeability through SJs [210]. Six of the 

identified genes (Nrg, Atpα, Gli, Lac, cold and nrv2) directly participate in SJ formation 

[207]. It is plausible to imagine that with plasticity, new SJs which are necessary for 

the maintenance of BBB could be formed from localised mRNAs. Ultrastructural 

analysis coupled with direct and simultaneous labelling of multiple SJ components with 

the use of structural synaptic plasticity experiments would have to be done to explore 

this hypothesis. 

Other examined genes could be broadly classified into those related to cytoskeleton, 

cell adhesion, remodelling and other physical properties of glial cells (Flo2, α-Cat, sdk, 

kst, shot, Cip4). There were also many genes related to metabolism and cell 

homeostasis (nrv2, Gs2, Vha55, ATPα, Pdi). Particularly, the presence of three genes 
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related to ATP synthesis (nrv2, Vha55, ATPα) points to the possibility that the glial 

cells in Drosophila are secreting ATP into the extracellular space, as described before 

for PSCs [250]. Both cell adhesion and metabolism regulation have been previously 

described as important for PSCs [30]. This could indicate that the presence of localised 

mRNA might facilitate local translation of the proteins required to control these 

important glial functions in a rapid and compartmentalised manner. 

3.6.2 α-YFP probe and α-ORMDL exon probe show no overlap in the ORMDL::YFP 

line 

I explored ORMDL in depth because of the interesting pattern its transcript made at 

the NMJ. Ormdl3, the mouse homologue of this gene, has been previously identified 

to be necessary for sphingolipid synthesis and proper neurological function [251]. 

Considering this and its presence in glial periphery in other studies [45], it could be 

expected to have a significant role in glia. Indeed, it seemed like ORMDL::YFP mRNA 

was abundant in the NMJ glia (Figure 3-13). Yet, my investigation into the 

ORMDL::YFP line has shed doubt on that hypothesis (Figure 3-25, Figure 3-27). 

Interestingly, for both sdk::YFP and ORMDL::YFP which both showed highest and 

most concentrated mRNA expression in the NMJ glia, the YFP insert appears to be 

placed in the opposite direction compared to the directionality of the genes (Figure 

3-29, Figure 3-30). Hence, it is possible that directionality is related to the apparent 

abundance of the YFP mRNA at the NMJ in glial projections. Considering my 

observations, I decided not to include ORMDL in my future experiments, because I 

have confirmed by smFISH that the α-YFP exon probe and endogenous α-ORMDL 

exon probe do not overlap (Figure 3-25).  
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Figure 3-29 CPTI site of insertion for the ORMDL::YFP line as reported by FlyBase 

An image from FlyBase JBrowse (http://flybase.org/jbrowse/) indicating the site of the CPTI insertion 

for the ORMDL::YFP line. The red arrow indicates the directionality of the gene, and the green arrow 

indicates the direction of the insert. The insert seems to be placed inside the 3’UTR of the gene (gray), 

which could explain the lack of the protein. However, the RT-PCR experiment performed on the 

ORMDL::YFP line (Figure 3-27) did not allow for the amplification of the mRNA sequence with the insert, 

hence it is unlikely that the insert is actually where FlyBase maps it. 

 

Figure 3-30 CPTI site of insertion for the sdk::YFP line as reported by FlyBase 

An image from FlyBase JBrowse (http://flybase.org/jbrowse/) indicating the site of the CPTI insertion 

for the sdk::YFP line. The red arrow indicates the directionality of the gene, and the green arrow 

indicates the direction of the insert. The insert is placed inside an intron (black horizontal line), so 

theoretically YFP should be present. No protein was observed at the NMJ, but it was observed in the 

brain. The mRNA expression pattern at the NMJ is very similar to that of ORMDL::YFP line, which 

suggested these two lines might have something in common. 

http://flybase.org/jbrowse/
http://flybase.org/jbrowse/
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3.6.3 Chapter limitations 

One of the limitations of this chapter is the fact that some YFP traps from the CPTI 

collection are heterozygous, implying that potentially only half of the mRNA molecules 

might be visible. However, the main emphasis in this chapter was the confirmation of 

the mRNA presence in glia as opposed to quantifying it, and for all genes their mRNA 

was found within glial projection labelling. Quantitative analysis would have to be 

carried out in homozygous CPTI lines only, and, where impossible, endogenous probe 

against the mRNA of interest would have to be used. Moreover, the evaluation of the 

mRNA presence in projections was done qualitatively and was limited to the visible 

area of the glial membrane labelling at the NMJ. This does not in fact guarantee the 

presence of this mRNA inside the glial projection, rather implies it, especially for 

mRNAs where only limited molecules were observed. Super-resolution microscopy 

coupled with 3D analysis could offer clarification and confirmation.  

Another limitation is that the mRNA of the genes of interest was identified using the α-

YFP probe, rather than a probe against the target gene's exon sequence. This 

constitutes the strength of the CPTI screen previously conducted in our laboratory 

(Figure 3-1). Identifying the YFP sequence integrated into the gene sequence 

eliminates the need for designing 200 individual probes against 200 genes and instead 

allows for their imaging with the same α-YFP probe [181]. Simultaneously, this 

approach could present challenges. A notable example is the ORMDL gene, in which 

the YFP probe did not detect the expected mRNA of the ORMDL gene, seemingly 

because the YFP insert is not where it is reported to be (Figure 3-25, Figure 3-27, 

Figure 3-29).  
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The accuracy of insertions in most of the other genes was supported by their known 

functions and corroborated by images from antibody stains and other protein traps in 

prior literature. However, the other CPTI lines used in this chapter could be akin to 

ORMDL::YFP and their YFP insert might be in another gene. To fully verify this, I would 

need to design probes targeting the endogenous mRNA sequence of each gene. 

Given the significant cost and time associated with designing and testing 18 more 

probes, I chose to cautiously proceed with my experiments under the assumption that 

all lines, apart from ORMDL::YFP, had the YFP insert in the reported gene, and 

therefore it is that reported gene whose protrusion-localised mRNAs I observed. I 

however decided to validate any priority candidate genes using an endogenous probe 

at a later stage.  

3.6.4 Future considerations 

There are interesting questions to consider related with the expression patterns of 

some of the projection-localised transcripts explored in this chapter. Why do some 

mRNAs localise specifically to glia in some NMJs, but are present everywhere in the 

muscle in others, like for Gs2? Does the pattern of expression of the glial-specific 

mRNAs change upon structural synaptic plasticity? Are they important not only in 

structural synaptic plasticity, but also for synapse development? 

Inevitably, answers to some of these questions could confirm many of the previously 

examined roles of local translation in perisynaptic glia, like astrocytes and PSCs. 

When it comes to PSCs, the glia whose projections reach the mammalian NMJ, there 

is a gap in the understanding of this local translation despite their morphological 

similarity to both astrocytes and neurons [47]. Few studies have explored mRNA 

localisation and local translation in PSCs [100]. One of them found that Annexin A2 
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transcript and protein accumulate at the tips of the PSC processes in response to 

hydrogen peroxide treatment in the murine NMJ [252]. Additionally, the PSCs 

processes were shown to undergo extensive remodelling of the cytoskeleton upon 

hydrogen peroxide treatment; therefore, local translation in PSCs could enable them 

to move towards and respond to damage [252]. 

The glial projections at the Drosophila NMJ which I studied and labelled in this chapter 

are most likely equivalent to PSCs, and their roles could overlap with those of PSCs. 

However, mRNA localisation studies similar to experiments performed in this chapter 

cannot be performed easily in the same manner for mammalian PSCs. Drosophila 

NMJ is easy to expose and label thanks to established antibodies and permissive 

larval anatomy [109, 184]. The mammalian PSCs are not very abundant and physically 

connected to neurons, which makes them harder to culture, isolate or observe 

individually [100]. This makes Drosophila particularly suited for studies pertaining to 

the potential roles of mRNA localisation and local translation in the NMJ-associated 

glial cells, particularly in the context of potential PSCs involvement in motor neuron 

disease [30, 95, 97, 98, 253]. 

As previously mentioned, the mRNA localisation and local translation have been 

explored much more extensively in astrocytes, the other type of glial cells known to be 

present at tripartite synapses, just like PSCs. Exploring mRNA localisation in 

astrocytes was more common potentially due to the possibility to culture them and 

their abundance in the brain. mRNA and ribosomes have been shown to be present 

in peripheral astrocyte processes (PAPs) in vivo. Hundreds of transcripts enriched in 

the PAPs were identified [45, 46, 49]. Those transcripts have been found to have 

longer 3′UTRs and their proteins participate in various cellular processes like 
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glutamate and GABA transport and metabolism (similarly to Gs2), but also 

biosynthesis of unsaturated fatty acids [49]. Motors and cytoskeletal proteins, such as 

GFAP, also had PAP-localised transcripts [254]. Some of the most abundant PAP 

transcripts could also be coding for ribosomal proteins [45].  

Based on these astrocytic studies, it is possible to speculate that glial cells have to 

keep a pool of glutamate metabolism related mRNAs ready to translate near the 

synaptic sites in case glutamate management and uptake becomes necessary as a 

consequence of synaptic activity. Considering that Gs2 is one of the most interesting 

transcripts in my study and it codes for an enzyme that catalyses the synthesis of 

glutamine from glutamate [132], this hypothesis could extend to invertebrates, making 

the mRNA-localisation-controlled management of glutamate metabolism a conserved 

featured of all synapse-associated glia. 

3.6.5 Chapter 3: conclusions 

To summarise, I concluded that there was sufficient evidence to confirm that mRNA 

of eighteen of the nineteen candidates was present in the Drosophila NMJ glia. Much 

is still unknown about the role of perisynaptic glia of the PNS, and, considering the 

available literature and what is known about astrocytes and PSCs, it seems like much 

can still be uncovered. The candidate genes whose presence in the NMJ glia I 

confirmed are likely to play active roles in some of the most fundamental processes 

for which the glial cells are necessary, based on the previous findings described 

throughout the results section. The strength of Drosophila as a model system is its 

simplicity, ease of genetic manipulation, and the relative lack of redundancy of the 

genes. It therefore is a perfect system in which one can explore the ways in which 
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those glial-localised transcripts contribute to development and structural synaptic 

plasticity, something which I go on to examine in the next chapters. 
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CHAPTER 4 
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4 RNAi Knockdown Screen of Glial Protrusion-

Localised Transcripts Reveals Morphology and 

Structural Synaptic Plasticity Defects 

4.1 Introduction 

Drosophila melanogaster is a well-known model organism whose utility was first 

established in the early 20th century by Thomas Hunt Morgan and his contemporaries. 

A rapid generational time, high progeny number, and readily discernible phenotypic 

variants were attractive to those early investigators, who used them to study the basis 

of inheritance and heredity through their work. This body of work ultimately earned 

Morgan the Nobel Prize in Physiology or Medicine in 1933 [255].  

Subsequent to its central role in the discipline of genetics, Drosophila became 

instrumental for the elucidation of principles of developmental biology, with studies 

focusing on the Notch signalling pathways and making first observations about 

“neurogenic” phenotypes related to loss of Notch [256]. Following that, scientists 

utilised mutagenesis in D. melanogaster to identify conserved Hox genes, responsible 

for controlling the organism's body plan, leading to the award of the Nobel Prize in 

Physiology or Medicine in 1995 to Edward B. Lewis, Christiane Nüsslein-Volhard, and 

Eric Wieschaus [257-259]. Though not directly designed to study genes affecting 

neuronal function, these experiments nonetheless identified 139 genes that affect the 

larval development, many being novel players later shown to be important in axon 

guidance, neurogenesis, neural cell differentiation and neuronal migration [260-263].  
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Thus, Drosophila emerged as possibly the strongest model to study nervous system 

development and, more recently, for the study of the genetic basis of circuits and 

behaviour. The simplicity of the Drosophila nervous system, containing approximately 

100,000 neurons in the adult brain, coupled with the robust genetic tools previously 

developed, allowed researchers to look deeper into the genetic and molecular 

underpinnings of numerous neurological processes, such as behaviour, circadian 

rhythms, as well as learning and memory [255].  

To study behaviour and circadian rhythms, various assays have been in continuous 

use for both adult flies and larvae alike [198, 264-266]. Drosophila 3rd instar NMJ, 

meanwhile, has become a powerful system lending itself to experimental manipulation 

permitting the study of structural synaptic plasticity, the process underlying learning 

and memory formation [108]. 

The Drosophila NMJ has proven to be exceptionally valuable, primarily due to its 

functional similarities with mammalian CNS synapses [267]. The Drosophila NMJ, a 

glutamatergic synapse similar to most excitatory synapses in the mammalian brain, 

displays activity-dependent changes in synaptic strength and structure, akin to LTP 

and LTD observed in mammalian systems [268-272]. The ease of genetic 

manipulation, dissection and access for image acquisition provide additional benefits, 

rendering it an ideal model to study the fundamental molecular and cellular processes 

underlying structural synaptic plasticity [109, 183]. Moreover, the Drosophila NMJ 

possesses large, individually resolvable synaptic boutons that facilitate detailed 

morphological and electrophysiological studies of axonal terminals [273]. 

The spaced high K+ depolarisation paradigm in Drosophila has emerged as a 

particularly valuable protocol in studying structural synaptic plasticity. It uses 
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intermittent pulses of potassium-rich solution and low-potassium solution, both 

containing Ca2+ ions, applied to the Drosophila larval fillet [191, 197, 274]. The high 

potassium phases result in the induction of depolarisation in the motor neurons and 

contraction of the larval body muscles (Figure 4-1). Subsequently, increased structural 

synaptic plasticity of the larval NMJs causes the formation of new, immature synaptic 

boutons, characterised by the presence of the pre-synaptic compartment, which is 

labelled by the α-HRP antibody, and lacking the post-synaptic compartment, labelled 

by the α-dlg1 antibody [191]. These boutons are called “ghost boutons”, and their 

numbers can be quantified using microscopy. 

 

Figure 4-1 Schematic of the principle behind the spaced potassium stimulation assay 

A 3rd instar Drosophila larva is dissected to expose the NMJs and flooded with pulses of potassium-rich 

solution in the presence of Ca2+ ions, interspersed with rest periods in low-potassium solution. Following 

fixation and imaging, “ghost” synaptic boutons can be observed. Mature synaptic boutons comprise the 

axon terminal, stained with the α-HRP antibody (labelled in green) and the postsynaptic density, stained 

with the α-dlg antibody (labelled in magenta). “Ghost boutons” have the axon terminal part, but not the 

postsynaptic density marker.  

Several other techniques exist which can elicit bouton formation in response to rapid 

electrophysiological pulses, optogenetics or heat [190, 191, 197, 273, 275]. Though 
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these techniques differ with respect to invasiveness, physiological interference, and 

reproducibility, they remain the gold standard for studying the basis of NMJ structural 

synaptic plasticity. 

However, it is crucial to note that “ghost boutons” formed through experiments 

described above may not necessarily mature into fully functional new synapses, 

despite serving as indicators of increased neuronal activity. Consequently, while 

“ghost boutons” emergence signifies neuronal activity, it may not accurately reflect the 

occurrence of synaptogenesis. It is essential to emphasise this distinction when 

studying any functional implications of potential mRNA localisation and local 

translation on synaptic plasticity. RNAi-mediated knockdown of a candidate gene 

might influence the structural synaptic plasticity, as quantified by the emergence of 

“ghost boutons” but might not have direct effect on further “ghost bouton” maturation 

and thus the complete process of synaptogenesis. Further synapse maturation 

experiments would have to be conducted to provide a more nuanced interpretation of 

any potential results. 

Furthermore, Drosophila NMJ offers a unique opportunity to study the fine molecular 

interactions between glial and neuronal projections at the synapse [126]. During and 

after development, glial processes play a vital role in establishing and maintaining the 

connectivity between neurons and muscles and contribute to synaptic pruning and 

maturation of synapses [121, 128]. 

Broadly, the true value of Drosophila as a model system in neuroscientific studies 

stems from its versatility, rather than its specialisation in any one particular area. 

Mammalian model organisms, while suitable for studying aspects like complex 

behaviours, often lack the capacity for concurrent detailed histological or molecular 
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examination of the nervous system. In contrast, cell cultures provide insights at the 

molecular and cellular levels but cannot capture the nuances of a complete nervous 

system's physiology. Drosophila bridges these gaps by offering a comprehensive 

study model. It facilitates molecular and cellular biology research due to well-

established techniques, ease of dissection, and an extensive range of antibodies and 

labels. Furthermore, Drosophila provides simultaneous insights into the intact nervous 

system's physiology, anatomy, and associated behaviours. 

In this chapter, I fully capitalised on the advantages of using Drosophila as an 

exemplary model system for neuroscientific studies by embarking on an RNAi 

knockdown candidate screen of previously identified glial protrusion-localised 

transcripts (Figure 4-2). The presence of specific transcripts in the peripheral 

protrusions of glial cells at the NMJ, as confirmed in Chapter 3, is not synonymous 

with them being functionally required. I wanted to investigate their functional 

importance, or lack thereof, in glial cells. The fundamental question which I wanted to 

ask was: what would the ramifications be – cellularly, physiologically, or behaviourally 

– of the absence of these transcripts from the glial cells? Specifically, I wanted to 

understand the roles of protrusion-localised transcripts in glia in the overall Drosophila 

development and viability, as well as NMJ morphology. Employing the spaced high K+ 

depolarisation paradigm (Section 2.8.1), I could then try to identify any potential 

defects in structural synaptic plasticity. To complement and extend these findings, I 

planned to use the larval locomotion behaviour assay (Section 2.8.2). My goal was to 

correlate potential developmental, morphological, or structural synaptic plasticity 

defects with tangible macroscopic results, such as impaired crawling. This 

comprehensive experimental approach, spanning from microscopic to macroscopic 

perspectives, was made possible by the exceptional attributes of Drosophila as a 
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neuroscientific model: its remarkable experimental adaptability and ease of 

manipulation. 

4.2 Specific aims of this chapter 

1. To explore the effects of glial RNAi-mediated knockdown of the glial protrusion-

localised transcripts on the development and viability of Drosophila larvae. 

2. To establish whether the glial RNAi-mediated knockdown of the glial protrusion-

localised transcripts influences the NMJ structural synaptic plasticity and 

morphology of Drosophila 3rd instar larvae. 

3. To establish any potential correlations between altered NMJ morphology and 

larval locomotion behaviour. 

4.3 Publication 

The research presented in this chapter has been published as a pre-print, where I am 

a co-first author, now under revision in the Journal of Cell Biology.  

Dalia S. Gala, Jeffrey Y. Lee, Maria Kiourlappou, Joshua S. Titlow, Rita O. Teodoro, 

Ilan Davis, “Mammalian glial protrusion transcriptomes predict localisation of 

Drosophila glial transcripts required for synaptic plasticity”, bioRxiv, 

https://doi.org/10.1101/2022.11.30.518536. 

Multiple co-authors contributed to this pre-print. I solely present the results which I 

have produced. 

https://doi.org/10.1101/2022.11.30.518536
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Figure 4-2 Detailed breakdown of the candidate screen plan 

For each of the eighteen protrusion-localised transcripts, each knockdown experiment had its own 

internal control experiment conducted simultaneously, including a minimum of 5 control larvae and 5 

RNAi-mediated knockdown larvae, no less than 20 NMJs each. Two assays were run in parallel: 

structural synaptic plasticity assessment and normal development assessment, for which 727 and 1,349 

synapses were analysed, respectively, totalling 2,076 synapses analysed in the whole candidate 

screen. Quantification of NMJ morphometrics was done for both. For normal development assessment, 

larval and adult viability, as well as any anatomical defects, were noted. For stimulated synapses, “ghost 

boutons” were also quantified. Transcripts whose knockdown resulted in “ghost bouton” phenotypes 

were also assessed using the larval locomotion behaviour assay. 
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4.4 Materials and methods 

4.4.1.1 Fly stocks 

To carry out the candidate screen and test the effects of mRNA knockdown of glial 

protrusion-localised transcripts in the Drosophila larvae, I constructed a fly line to 

express UAS-mCD8-GFP under the control of a pan-glial promoter in Drosophila, 

Repo-GAL4 (henceforth referred to as Repo>GFP line), equivalent to the 

Repo>mCherry line which I used in Chapter 3. I crossed this line to 20 RNAi lines 

against 18 glial protrusion-localised transcripts, since 2 of the used lines resulted in 

lethality (further discussed in Results (Section 4.5)). These lines are henceforth 

referred to as Repo>Transcript-RNAi. One line per gene was used with the goal of 

identifying any lines which showed any developmental, structural synaptic plasticity or 

locomotion abnormalities. All selected lines targeted all isoforms of the mRNA of 

interest, and all lines had less than 3 off target effects as verified by VDRC website if 

the line was from the VDRC library (www.vdrc.at), and UP-TORR [276].  

The control for each of the knockdown experiments was UAS-mCD8-GFP/+; Repo-

GAL4/UAS-mCherry-RNAi (henceforth referred to as Repo>mCherry-RNAi or 

control). All experimental results pertaining to NMJ morphology or “ghost bouton” 

numbers are quantified as fold change with respect to that control. Table 4-1 presents 

detailed information about the RNAi lines used in the experiments described in this 

chapter. 

  

http://www.vdrc.at/
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Table 4-1 List of Drosophila melanogaster RNAi stocks used in Chapter 4 

RNAi target Source Library Chromosome Off targets? Isoforms targeted? ID? 

Gs2 VDRC shRNA 2 0 6 of 6 330302 

cold VDRC GD 3 0 2 of 2 44197 

α-Cat VDRC GD 3 0 2 of 2  8808 

Gli VDRC GD 2 2 5 of 5 37115 

lost VDRC GD 3 0 1 of 1  23918 

Lac – line 1 VDRC GD 3 0 1 of 1  35524 

Lac – line 2 VDRC KK 2 0 1 of 1 107450 

CG42342 VDRC KK 2 3 12 of 12 102525 

CG1648 VDRC GD 2 2 3 of 3 32686 

nrv2 VDRC GD 2 0 6 of 6 2660 

Cip4 VDRC GD 2 0 11 of 11 18492 

Pdi VDRC GD 3 2 2 of 2 23359 

Vha55 VDRC GD 1 1 3 of 3 46554 

Atpα – line 1 VDRC GD 2 0 11 of 11 12330 

Atpα – line 2 Bloomington TRiP 3 0 11 of 11 32913 

sdk VDRC GD 2 0 9 of 9 9437 

kst Bloomington TRiP 3 0 7 of 7 33933 

Flo2 VDRC shRNA 2 0 12 of 12 330316 

Nrg Bloomington TRiP 3 0 9 of 9 28724 

shot Bloomington TRiP 3 0 22 of 22 28336 

mCherry Bloomington TRiP 2 - - 35785 

4.4.1.2 Spaced high K+ depolarisation paradigm 

The spaced high K+ depolarisation paradigm (also referred to as spaced potassium 

paradigm/assay) was carried out as previously described (Section 2.8.1) [191]. For all 

RNAi crosses, the larvae underwent washes of 2 minutes, 2 minutes, 2 minutes, 4 

minutes, and 6 minutes of potassium-rich solution, respectively, with 15-minute 

intervals of low potassium solution in between each wash [191]. No less than 5 control 

larvae and 5 RNAi larvae and no less than 20 NMJs per condition were used. 

4.4.1.3 Larval locomotion behaviour assay  

The locomotion behaviour was observed using the manual tracking assay as 

previously described in Section 2.8.2.1 [198]. Briefly, larvae were acclimatised for 1h 

at room temperature. Apple juice plates (5cm) were warmed to room temperature. 3rd 
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instar D. melanogaster larvae were cleaned in ddH2O using a paintbrush. Videos were 

recorded using an overhead mobile phone camera set above the plate on a 'dartboard' 

paper (Figure 2-1A). 10 larvae of each genotype were filmed at 1080p and 30fps for 

30 seconds or until reaching the plate's edge. Videos were analysed in ImageJ, 

converted to jpeg sequences, scaled using the ruler, and larvae were manually 

tracked. Data was then processed in RStudio. 

4.4.1.4 Image acquisition and processing 

Drosophila 3rd instar NMJ morphology was assessed using confocal microscopy, 

following previously outlined techniques (Section 2.5.2). Antibody details are available 

in Table 2-4. For the spaced potassium stimulation assay experiments, I quantified 

“ghost boutons” manually using descriptions from previous literature [191, 275]. For 

both pre- and post-stimulation NMJ morphology quantification, I measured glial cell 

projections in abdominal segments 2-5, labelled by Repo-GAL4 driving UAS-mCD8-

GFP, referred to as "glial projection area". Additionally, I quantified axon terminal 

projections in the same segments, also referred to as “axon terminal”, “neurite” or “α-

HRP” areas. These measurements were done in 2D using ImageJ and analysed in R 

Studio, including “glial to neuron” ratios [194]. Methodology specifics are available in 

Section 2.7.1. 
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4.5 Results 

4.5.1 Impact of RNAi knockdown of glial protrusion-localised transcripts on overall 

development 

I initially set out to explore the overall viability and appearance of the animals following 

the RNAi-mediated knockdown of candidate glial protrusion-localised transcripts. 

Table 4-2 summarises these results. 

Table 4-2 Viability assessment after glial knockdown of glial protrusion-localised transcripts 

RNAi Target ID Larva Adult 

Gs2 330302 Viable Viable 

cold 44197 Abnormality Viable 

α-Cat 8808 Viable Viable 

Gli 37115 Viable Viable 

lost 23918 Viable Viable 

Lac – line 1 35524 Abnormality Lethal 

Lac – line 2 107450 Lethal Lethal 

CG42342 102525 Viable Viable 

CG1648 32686 Viable Viable 

nrv2 2660 Viable Lethal 

Cip4 18492 Lethal Lethal 

Pdi 23359 Viable Viable 

Vha55 46554 Abnormality Lethal 

Atpα – line 1 12330 Lethal Lethal 

Atpα – line 2 32913 Viable Viable 

sdk 9437 Viable Viable 

kst 33933 Viable Viable 

Flo2 330316 Viable Viable 

Nrg 28724 Viable Viable 

shot 28336 Viable Viable 

The RNAi targets are specified in the “RNAi Target” column, and the ID of the RNAi stock is added in 

the “ID” column, which can also be found in Table 4-1, where more details about the RNAi stocks are 

provided. The “Larva” and “Adult” columns specify the larval and adult viability, respectively. To be 

specific, “Viable” means that 3rd instar larvae or adults of the correct phenotypes were observed in the 

cross progeny. “Abnormality” means that larvae of correct phenotypes were observed, but they differed 

in some manner when compared to control. This is discussed in detail in the sections below. ”Lethal” 

means that no larvae or no adults of correct phenotypes were observed in the cross progeny. 
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Glial RNAi-mediated knockdown of 12 out of the 18 glial protrusion-localised 

transcripts (Gs2, α-Cat, Gli, lost, CG42342, CG1648, Pdi, sdk, kst, Flo2, Nrg, shot) 

had no obvious impact on the viability or development of either larvae or adults.  

Glial RNAi-mediated knockdown of 3 candidates resulted in no viable progeny (Lac 

(line ID 107450), ATPα (line ID 12330), Cip4 (line ID 18492)). I utilised two different, 

non-lethal lines to replace these for further experiments (Lac line ID 35524, ATPα line 

ID 32913). I did not have a different line for Cip4 and did not continue experiments on 

this gene, thereby decreasing the glial protrusion-localised transcripts pool to 

seventeen genes. Glial RNAi-mediated knockdown of 3 transcripts resulted in adult, 

but not larval lethality (Lac (line ID 35524), nrv2, Vha55). 

I observed developmental abnormalities upon RNAi-mediated knockdown of 3 of the 

candidate glial protrusion-localised transcripts. All abnormalities were related to the 

larval brain morphology. The VNCs of cold-RNAi (Figure 4-3) and Lac-RNAi (line ID 

35524) (Figure 4-4) larvae were significantly elongated (Figure 4-6). This phenotype 

is similar to ones described before, where it was shown that interactions between glial 

cells and the ECM are required for the shaping of the developing Drosophila nervous 

system [277-279]. This could suggest that cold and Lac could impact nervous system 

development. Additionally, Lac-RNAi larvae appeared smaller than control 3rd instar 

Drosophila larvae. 

The final of the glial protrusion-localised transcripts whose knockdown resulted in a 

developmental brain abnormality was Vha55. Vha55-RNAi larval brains were much 

smaller compared to control larval brains, and the hemispheres appeared to be 

reduced in size, while the VNCs were significantly shorter (Figure 4-5, Figure 4-6).  
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Figure 4-3 cold-RNAi in glia causes elongated VNC phenotype 

Representative confocal images of control (left) and cold-RNAi (right) brains labelled with Repo>GFP 

(white, the only channel presented). The VNCs of cold-RNAi brains are elongated (representative of 5 

brains for each condition). Scale bar – 100 µm.  

 

Figure 4-4 Lac-RNAi in glia causes elongated VNC phenotype 

Representative confocal images of control (left) and Lac-RNAi (right) brains labelled with Repo>GFP 

(white, the only channel presented). The VNCs of Lac-RNAi brains are elongated, much like for cold-

RNAi (Figure 4-3) (representative of 5 brains for each condition). Scale bar – 100 µm.  
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Figure 4-5 Vha55-RNAi in glia causes small brain hemisphere phenotype 

Representative confocal images of control (left) and Vha55-RNAi (right) brains labelled with Repo>GFP 

(white, the only channel presented). Vha55-RNAi brains are much smaller for 3rd instar larvae when 

compared to brains of the control larvae of very similar sizes (representative of 5 brains for each 

condition). Scale bar – 100 µm.  
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Figure 4-6 VNC length quantification for Control, Vha55-RNAi, Lac-RNAi and cold-RNAi 

Violin plots accompanied by raw data presenting the quantification of the VNC lengths in larvae with 

the knockdowns of those transcripts which resulted in developmental brain abnormalities. VNC lengths 

are expressed in µm. Wilcoxon rank sum test p-values are reported. Quantification of n=5 brains of 

each genotype has been performed. See legend for genotype details. 
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4.5.2 Impact of glial RNAi knockdown of protrusion-localised transcripts on NMJ 

morphology 

I then investigated the effects of glial protrusion-localised transcripts knockdown in 

glial cells on glial projection morphology and wild-type axon terminal projection 

morphology at the NMJ, summarised in Figure 4-7 (raw data and detailed genotypes 

are reported in Figures C-1 and C-2 in the Appendix). Analysing 3rd instar NMJ glia 

with RNAi expression and wild-type motor neuron axon terminal projections, I found 

that many gene knockdowns caused increase or reduction in glial projection areas, as 

well as a change in the ratio of glial to neuron surface areas when compared to control, 

even without stimulation. I also saw varying defects in the sizes of both glial and 

neuronal projections after spaced potassium stimulation (Figure 4-8, raw data and 

detailed genotypes are reported in Figures D-1 and D-2 in the Appendix). 

 

Figure 4-7 Summary of change in glial protrusion area, neurite area and their ratio 

Foldchange in the NMJ glial protrusion area, neurite area and their ratio upon knockdown of glial 

protrusion-localised transcripts when compared to unstimulated control. Data represents average 

foldchange for each gene. Student’s t-test; p-values were normalised with internal day-to-day controls. 

Statistics and n numbers are reported in Table C-1 in the Appendix. Raw data and detailed genotypes 

are reported in Figures C-1 and C-2 in the Appendix. 
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Figure 4-8 Summary of change in glial protrusion area, neurite area and their ratio after 

stimulation 

Foldchange in glial protrusion area, neurite area and their ratio upon knockdown of glial protrusion-

localised transcripts after the spaced potassium activation assay when compared to stimulated control. 

Data represents average foldchange for each gene. Student’s t-test. Statistics and n numbers are 

reported in Table C-2 in the Appendix. Raw data and detailed genotypes are reported in Figures D-1 

and D-2 in the Appendix. 
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glial projections (p<0.01) and the ratio of glial to neurite area (p<0.001) were 

significantly decreased. In control larvae, glial projections spread on muscle cell 

surfaces, but in shot-RNAi larvae, while motor axon branches are glial-membrane-

covered, there is a distinct lack of glial projections on the muscle surface (Figure 4-9).  
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Figure 4-9 shot-RNAi glial projections are hypomorphic 

Confocal images of the glial and axon terminal projection (α-HRP) channels from control (i-iii, 

Repo>mCherry-RNAi) and shot knockdown (iv-vi, Repo>shot-RNAi) 3rd instar Drosophila NMJs. Glial 

projections, labelled with Repo>GFP, are shown in white; α-HRP conjugated to Alexa 568 labelling the 

axon terminal is shown in magenta. Images i) and iv) present glial channel only in white; images ii) and 

v) present the glial channel in white in conjunction with the neuronal channel in magenta, and images 

iii) and vi) present the neuronal channel only in white. All NMJs presented are segment A3. Control glial 

projections make extensions on the muscle surface (i), while shot-RNAi glial projections make virtually 

no extensions (iv). Scale bar – 10 µm.  

An opposite example was Lac-RNAi, where glial projections (p<0.01) and their ratios 

to the neurite area (p<0.0001) were increased when compared to unstimulated control 

NMJs, creating elongated, thin cytoplasmic extensions (Figure 4-10). 
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Figure 4-10 Lac-RNAi glial projections are hypermorphic 

Confocal images of the glial channels from control (top row, Repo>mCherry-RNAi) and Lac knockdown 

(bottom row, Repo>Lac-RNAi) 3rd instar Drosophila NMJs labelled with Repo>GFP (white, the only 

channel presented). All NMJs presented are segment A2. Lac-RNAi glial projections make 

hypermorphic extensions and appear much more expansive and complex when compared to control 

NMJs. Scale bar – 10 µm.  
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the emergence of "ghost boutons” at the NMJ (Figure 4-1) [191]. RNAi-mediated 

knockdown of 4 transcripts in glia displayed discernible effects on structural synaptic 

plasticity of the wild-type motor neuron axon terminal at the NMJ (Figure 4-11; raw 

data and detailed genotypes are reported in Figure D-3 in the Appendix.). Among 

those 4 transcripts, knockdown of 2 of them (Pdi, CG1648) led to a significant increase 
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in “ghost bouton” numbers following potassium pulses (p<0.0001 and p<0.01 

respectively). The knockdown of the remaining 2 (Lac, CG42342) resulted in a 

significant decrease in “ghost bouton” numbers (p<0.05 and p<0.0001 respectively). 

From this, I concluded that Pdi, CG1648, Lac and CG42342 could play an essential 

role in glia to maintain the proper plasticity of motor neuron synapses and selected 

them for the follow-up experiments.  

 

Figure 4-11 Candidate transcripts knockdown in glia affects wild-type motor neuron plasticity 

The bar graph displays the average log2 FoldChange in “ghost bouton” counts after potassium 

stimulation relative to RNAi controls. Changes with statistical significance are marked in as described 

in the legend (top right corner). Wilcoxon rank sum test p-values are reported. Statistics and n numbers 

are reported in Table C-3 in the Appendix. Raw data and detailed genotypes are reported in Figure  

D-3 in the Appendix. 
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4.5.4 Larval crawling is impaired in Lac-RNAi larvae 

Overall, my results so far demonstrated that many of the glial-protrusion localised 

transcripts are required for the correct morphology of Drosophila NMJ, and 4 are 

specifically necessary in glia for the correct structural synaptic plasticity of their 

neighbouring neuron. I next wanted to use an orthogonal method to observe the 

movement patterns of the knockdown larvae with the knockdown of those 4 candidate 

glial protrusion-localised transcripts (Pdi, CG1648, CG42342, Lac), as described 

previously [198]. The results of the larval locomotion assay indicated that Lac-RNAi 

larvae had impaired crawling capacity, while the other knockdown larvae were not 

significantly affected (Figure 4-12). The crawling velocity of Lac-RNAi larvae when 

compared to control larvae was significantly (p < 0.01) reduced (Figure 4-13). 
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Figure 4-12 Lac-RNAi in glia affects larval crawling 

Representative locomotion tracks of free-crawling 3rd instar larvae with post-stimulation-selected 

candidate glial protrusion-localised transcript knockdowns in glia. See label above for detailed 

genotypes. Tracks are colour-coded by time. Lac-RNAi larvae display a visibly different pattern of 

crawling when compared to control condition or the other knockdown conditions.  

Pdi-RNAi

Control
UAS-mCD8-GFP/+; Repo-GAL4/UAS-mCherry-RNAi

UAS-mCD8-GFP/+; Repo-GAL4/UAS-Pdi-RNAi
Lac-RNAi

CG1648-RNAi
UAS-mCD8-GFP/+; Repo-GAL4/UAS-CG1648-RNAi

UAS-mCD8-GFP/+; Repo-GAL4/UAS-Lac-RNAi

CG42342-RNAi

10

20

30

40

Time(s)

UAS-mCD8-GFP/+; Repo-GAL4/UAS-CG42342-RNAi

Motion tracks of larval locomotion assay for the candidate genes knockdown



 144 

 

Figure 4-13 Lac-RNAi in glia causes lower larval crawling velocity 

Violin plots presenting mean crawling velocities of larvae of different RNAi-mediated knockdowns. See 

legend below for detailed genotypes. Wilcoxon signed-rank test Bonferroni adjusted p-values are 

reported. Means±SEM (Standard Error of the Mean) are displayed in orange. Lac-RNAi larvae crawl 

significantly slower than control larvae. 
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Lac-RNAi UAS-mCD8-GFP/+; Repo-GAL4/UAS-Lac-RNAi
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4.6 Discussion 

4.6.1 Recap of the experimental rationale and results summary 

In this chapter, I explored the roles of glial protrusion-localised transcripts within glial 

cells of Drosophila larvae by performing their RNAi-mediated knockdown. My rationale 

was to determine the impact of RNAi-mediated knockdown on Drosophila 

development, NMJ morphology and function, as well as their potential collective 

contribution to behaviour, assessed by the larval crawling assay. This exploration was 

motivated by the possible importance of mRNA localisation to the glial protrusions in 

development and structural synaptic plasticity, as suggested by previous research [46, 

47, 49, 79, 181, 248, 280]. 

In the research presented here, I prioritised a candidate screen over a detailed 

investigation of each of the candidate glial protrusion-localised transcripts knockdown 

effects in glial cells. I aimed to identify any transcripts whose RNAi-mediated 

knockdown in glia produced any phenotypes. I next wanted to select the transcripts 

the knockdown of which had the most significant effects for subsequent research 

stages. Consequently, genes without observable impacts were deprioritised, while 

others were advanced to further analysis. 

To answer my questions, I quantified numerous metrics. I started by observing the 

overall viability and development of larvae with glial RNAi-mediated knockdown of glial 

protrusion-localised transcripts (Table 4-2). I also measured NMJ neurite and glial 

projection areas and their ratio pre- and post- spaced potassium stimulation (Figure 

4-7 and Figure 4-8). I further quantified “ghost bouton” numbers after potassium 

stimulation (Figure 4-11). Finally, I assessed larval crawling velocities of selected 

transcripts (Figure 4-13). These measurements were essential to gauge the overall 
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level of importance of a given glial protrusion-localised transcript in glial cells with 

respect to nervous system development and function and to try to pinpoint when and 

if its absence manifests itself. 

I started with eighteen glial protrusion-localised transcripts, as confirmed in Chapter 3. 

Six of these transcripts belong to SJ genes (Nrg, Atpα, Gli, Lac, cold, nrv2) [207], 

several relate to cytoskeleton and cell adhesion (Flo2, α-Cat, sdk, kst, shot, Cip4, 

CG42342) or metabolism and cell homeostasis (nrv2, Gs2, Vha55, ATPα, Pdi). Some 

are important in mRNA localisation (lost), others have unknown roles (CG1648).  

I identified various glial protrusion-localised transcripts that influenced NMJ 

morphology both pre- and post-stimulation. Knockdowns of four of these transcripts 

produced changes in “ghost bouton” numbers after the potassium stimulation assay. 

Notably, Lac-RNAi presented phenotypes in the brain, NMJ morphology, and “ghost 

bouton” counts. Finally, based on its compelling phenotype in the larval locomotion 

assay, Lac was prioritised for further exploration. 

4.6.2 Experimental considerations 

It is important to highlight that the primary aim of the work presented in this chapter 

was to undertake a candidate screen, the goal of which was identifying the most 

impactful knockdown phenotypes, rather than a comprehensive analysis for each 

gene. As a result, there are inherent limitations to the depth and breadth of the work 

presented here. 

Firstly, a single RNAi knockdown line was utilised for each candidate transcript, posing 

the risk of secondary effects influencing observed phenotypes or the phenotype not 

being manifested due to a weak RNAi line.  
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Secondly, Repo-GAL4 pan-glial driver was used in the experiments described in this 

chapter. Because it determines the glial fate, Repo-GAL4 drives expression across all 

Drosophila glial cells [155]. The universal impact of Repo-GAL4 on all glial cells means 

that effects seen in the brain and cell soma cannot be differentiated from those at the 

glial cell periphery at the larval NMJ. It is also challenging to pinpoint when and why 

defects occur or identify the specific glial cell subtype causing observed effects. 

Furthermore, upon analysing the larval brain anatomy and measuring the areas of glial 

and neurite protrusions and their ratios in both stimulated and unstimulated NMJs, I 

identified several significant phenotypes, but I did not have time to characterise these 

phenotypes in detail. Ultimately, given the already complex and time-consuming 

analysis of an extensive number of transcripts and metrics examined (Figure 4-2), it 

was not deemed feasible to apply further validation or detailed analysis to every 

candidate transcript at this stage, as such work would exceed the scope of my thesis. 

Despite these constraints, the results of this chapter serve as a starting point for 

deeper, more detailed analyses. Specifically, in Chapter 5, I go on to explore the role 

of Lac in NMJ glia in more detail, addressing some of the outlined limitations. 

Moreover, the phenotypes which I uncovered offer attractive avenues for future 

research, and my colleagues in our laboratory are already working on more detailed 

analysis for some of them.  

4.6.3 Candidate glial protrusion-localised transcripts knockdown in glia impacts 

normal larval development 

Knocking down the candidate glial protrusion-localised transcripts in all glial cells in 

Drosophila 3rd instar wandering larvae using the GAL4/UAS system, I have observed 

instances of larval and adult lethality, as well as brain and NMJ morphology alterations.  
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4.6.3.1 Lac-RNAi and cold-RNAi brain abnormalities 

The identified Lac-RNAi and cold-RNAi brain abnormalities suggest systemic 

anatomical developmental challenges arising from the knockdown of these candidate 

transcripts. The effects similar to those observed for cold and Lac knockdowns have 

been described before. Previous research has demonstrated the essential role of 

interactions between glial cells and the ECM in the formation of the developing 

Drosophila nervous system, the disruption of which resulted in VNC elongation (Figure 

4-6) [277-279].  

Both cold and Lac are members of SJs which are cell-cell adhesion foci with essential 

roles in determining the cell size and boundaries during early development through 

nerve ensheathment and insulation [204, 205, 207, 208]. Thus, it could be 

hypothesised that the observed phenotypes are indicative of cold and Lac having key 

roles in the size specification of the VNC. Furthermore, the VNC is an interesting 

region of the brain because rather than undergoing uniform growth, it undergoes 

elongation, then condensation to the correct size [281]. The observation of the 

elongated VNC is suggestive of impaired condensation, which could be interpreted as 

cold and Lac potentially contributing to this process. Interestingly, larvae with cold-

RNAi knockdown mature to adulthood and seem largely unaffected. In contrast, Lac-

RNAi larvae do not reach adulthood. While I observed these larvae transitioning to 

pupation, I did not see any emerge as viable adults. This leads me to hypothesise that 

they likely die during the pupation stage, although this has not been quantified.  

Such observations suggest that while both genes are likely to play a role in 

condensation, Lac might be more important for subsequent developmental stages that 

culminate in a mature adult nervous system. On the other hand, cold may primarily 
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influence embryonic and larval phases. Additionally, it is possible that the effects of 

cold knockdown could be compensated for by another gene with a similar function. 

4.6.3.2 Vha55-RNAi brain abnormality 

The knockdown of Vha55 led to a noticeable reduction in the size of the larval brain. 

This finding was initially unexpected, especially since the overall sizes of these larvae 

appeared comparable to the control group. Vha55 has been previously studied in the 

context of the CNS BBB, where it was predicted as a target possibly causing SPG to 

have increased permeability [282]. It has also been shown that Vha55 and other 

subunits of the V-ATPase capacitate the hyperplastic glial growth in a Drosophila 

model of gliomagenesis [283]. Thus, it suggests that the removal of Vha55 mRNA 

might be causing insufficient growth of CNS glial cells, which then manifests in the 

reduced VNC length (Figure 4-6). To my knowledge, this is the first time this phenotype 

is reported in literature [248]. 

4.6.3.3 shot-RNAi NMJ morphology phenotype 

In the NMJs with glial shot-RNAi, glial projections were either absent or nearly absent 

from the muscle surface (Figure 4-9). Notably, despite these changes, these larvae 

matured into viable adults without any discernible abnormalities, contrasting with the 

larvae expressing Lac-RNAi in glia, suggesting that hypomorphic shot-RNAi glial 

projections might be less deleterious than the hypermorphic projections seen in Lac-

RNAi larvae.  

Since shot is a spectraplakin, it interacts not only with F-actin, but also MTs and 

intermediate filaments, as is unique for spectraplakins. Moreover, as adaptor proteins, 

they interact with other adaptor and membrane proteins, having been dubbed 

cytoskeleton master regulators [284-286]. It is reasonable to hypothesise that 
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dysregulation of the glial cytoskeleton is the likely cause of the lack of glial projections 

at the NMJ in shot-RNAi larvae. shot is also responsible for attaching MTs to MT 

organizing centres (MTOC) [287]. This suggests that perhaps shot is required for 

attaching MTs to either a centrosomal or non-centrosomal MTOC and that correct MT 

attachment can be required for glial growth. 

4.6.3.4 Lac-RNAi NMJ morphology phenotype 

Glial Lac-RNAi NMJs had hypermorphic glial projections which appeared more 

complex than those of control NMJs and extended visibly further along the muscle 

surface (Figure 4-10). Lac-RNAi animals were not adult viable, and even larvae were 

significantly affected, appearing smaller, stunted and less mobile. 

Lac encodes an IgLON family member protein which resides on the cell surface and 

participates in SJ formation [204, 205]. This family of proteins are known to have 

diverse roles in nervous system development. In mammals, neuronal growth regulator 

1 (NEGR1), which is a high-fidelity homologue of Lac, is known to play a role in 

psychiatric disorders. Negr1−/− mice show behavioural deficits and altered brain 

anatomy including decrease in the overall brain volume [288]. Interestingly, little is 

known about the function of this protein in glia, as even its mammalian name indicates 

neuronal focus. 

The unusual morphology of the glial projections of the Lac-RNAi NMJs could suggest 

that Lac plays important roles in regulating not only neuronal, but also glial growth. As 

Lac is an adhesion molecule, it could be speculated that that in its absence within glia, 

disruption of signalling pathways responsible for proper adhesion and glia-glia or 

neuron-glia communication might occur. Such perturbations could prompt an over-
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extension of the glial cell boundary, potentially driven by an attempt to “locate” and 

“adhere” to other glia or neurons. 

4.6.4 Summary: candidate glial protrusion-localised transcripts knockdown in glia 

impacts normal larval development 

Upon knockdown of a collection of candidate glial protrusion-localised transcripts, I 

observed numerous effects spanning lethality, anatomical abnormalities and NMJ 

morphology phenotypes. Particularly interesting were the brain phenotypes of Lac-, 

cold- and Vha55-RNAi, as well as the NMJ phenotypes observed for Lac- and shot-

RNAi. 

Overall, my findings reinforce the notion that glial protrusion-localised transcripts for 

which phenotypes were noted have distinct, yet crucial roles in proper glial cell 

development. Differentiating the direct influence of those glial protrusion-localised 

transcripts on structural synaptic plasticity is challenging due to potential 

developmental impacts and the intertwined nature of synapse development and 

function, but the role of localised mRNA in glial projections at the synapse remains 

worthy of investigation in both the developmental and plasticity contexts. 

4.6.5 Glial protrusion-localised transcripts knockdown causes structural synaptic 

plasticity defects after spaced potassium stimulation 

Post-stimulation “ghost bouton” counts revealed an increase for two transcripts (Pdi, 

CG1648) and a decrease for two others (CG42342, Lac). It is key to underscore that 

while the glial protrusion-localised transcript is knocked down in glial cells, the 

manifested effects which I described here are based on the number of “ghost boutons” 

produced by the axon terminal. My investigation thus highlights the intercellular 
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contribution of glial cells to motor neuron structural synaptic plasticity, reinforcing the 

essential and indispensable role of glia in neuronal function. As mentioned in the 

introduction to this chapter, however, “ghost boutons” do not always become fully 

functional new synapses. Therefore, the conclusions can be drawn solely for the first 

part of synaptogenesis process, namely, the formation of the active zones. 

4.6.6 Glial protrusion-localised transcripts knockdown has effects on larval 

locomotion 

I further demonstrated that Lac-RNAi knockdown in glial cells affected larval 

locomotion. While other larvae with knockdowns of glial protrusion-localised 

transcripts which previously displayed “ghost bouton” phenotypes exhibited normal 

crawling relative to the control, Lac knockdown larvae were notably mostly stationary 

(Figure 4-12), since Lac-RNAi larvae crawling velocity was considerably decreased 

(Figure 4-13). Consequently, Lac emerged as a particularly compelling gene of 

interest within this chapter. Its multi-faceted phenotypic expression spans 

abnormalities in the brain and NMJ morphology, “ghost bouton” numbers, impaired 

locomotion, and adult lethality.  

However, the locomotion of the larvae with RNAi knockdowns of the other transcripts 

with previous “ghost-bouton” phenotypes was not affected. It could indicate that their 

role in the NMJ glia affects pathways unrelated to locomotion, which is also possible 

for the knockdown of Lac, since correlation of altered NMJ morphology and impaired 

crawling does not imply causation. Moreover, as mentioned in the introduction to this 

chapter, “ghost boutons” are immature synapses which do not necessarily become 

fully functional new synapses. Consequently, though serving as markers of neuronal 

activity, they are not indispensably indicative of synaptogenesis. This could also 
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explain why the mobility of the larvae remained unaffected despite the RNAi 

knockdowns targeting the remaining three transcripts associated with prior “ghost-

bouton” phenotypes. In this scenario, the formation of the active zones, as quantified 

by the emergence of “ghost boutons”, could be affected by the RNAi knockdown of 

the candidate transcript, as measured by the spaced potassium stimulation protocol. 

The synapse maturation, however, and the overall synapse number might not be 

affected, considering no locomotion impairments. For that reason, it would be 

worthwhile to further explore the “ghost bouton” phenotypes observed for Pdi-, 

CG1648- and CG42342-RNAi mediated knockdown mechanistically, and better 

understand their role in glia in motor neuron “ghost bouton” formation. 

4.6.7 Conclusions 

In this chapter, I embarked on a candidate screen, the goal of which was a 

comprehensive investigation of the consequences of knocking down glial protrusion-

localised transcripts in Drosophila larval glia. This was approached both in the context 

of typical development, but also structural synaptic plasticity, utilising the established 

spaced potassium stimulation protocol [191]. The former was carried out to assess 

whether developmental effects caused by RNAi knockdowns themselves affects the 

parameters also measured for the latter. The goal was to understand which transcripts, 

if any, produced discernible effects when knocked down, thereby setting the stage for 

further focused inquiries. Consequently, genes that did not exhibit pronounced effects 

were deprioritised, while those displaying distinct phenotypes were brought to the 

forefront of consideration. 

I found that glial RNAi-mediated knockdown of several candidate transcripts had a 

substantial influence on correct larval development, as well as NMJ morphology in 
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both pre- and post-stimulation scenarios. It was especially noteworthy that the 

knockdown of four of these candidates in glial cells introduced changes in “ghost 

bouton” numbers after the potassium stimulation assay. This emphasises the role of 

perisynaptic glial cells in influencing motor neuron structural synaptic plasticity. 

While the observed developmental irregularities present experimental challenges, as 

discerning the direct impact of the candidate glial protrusion-localised transcripts on 

structural synaptic plasticity becomes complex, they simultaneously underscore the 

potential importance of mRNA localisation to the glial periphery. This emphasises the 

possible significance of mRNA localisation not just in development, but also in the 

realm of structural synaptic plasticity — reinforcing the notion that structural synaptic 

plasticity is intricately intertwined with developmental processes. 

Among all candidates, Lac-RNAi was particularly salient, not only for its range of 

phenotypes observed in the larval brain and NMJ morphology, but also as the sole 

transcript whose knockdown resulted in a larval locomotion phenotype. This unique 

impact on larval movement further underscored the significance and need for Lac in 

glial cells for the correct motor neuron function, marking Lac as a principal candidate 

for rigorous examination in the subsequent phases of my research. 
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5 Lac is the Most Promising Protrusion-Localised 

Transcript Required in Glia for Neuronal Structural 

Synaptic Plasticity and Locomotion 

5.1 Introduction 

Intercellular communication between neurons and glia underlies the complex 

processes involved in the establishment of the nervous system connectivity. While 

countless cells in tissues like the liver or fat might perform their functions in a relatively 

uniform fashion, in the vast tapestry of the nervous system, every single cell is an 

individual player, with unique connections and intercellular interactions. 

There are countless contacts and exchanges, both between the individual cells of the 

nervous system, but also in interactions with the target cells of other systems, like 

muscular, endocrine, digestive or vascular system. Some of these contacts include 

cell-cell signalling via canonical signalling pathways involving tyrosine kinase 

receptors (Trks) and the neurotrophins which bind them, like nerve growth factor 

(NGF) and BDNF [289]. Other cell-cell communication happens through the release 

and uptake of neurotransmitters like glutamate, oxytocin, dopamine, adrenaline or 

serotonin, or secretion of exosomes and ectosomes, which has been linked to 

numerous fundamental functions such as neurogenesis, myelin formation, synaptic 

plasticity and neuroinflammation [290]. 

Despite all these mechanisms, one of the most basic and simple modes of cell-cell 

communication in the nervous systems is through cell-cell adhesion. Adhesion 

molecules play essential roles in neural network development, including 
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synaptogenesis and axon guidance, as well as neuron-glia interactions. Though the 

basic adhesion machinery is shared between nervous system and epithelial cell 

junctions, unique classes of specialised adhesion molecules specific to the nervous 

system have been extensively studied, including, but not limited to, neurexins, 

neuroligins, nervous-system-specific cadherins and protocadherins, and neural cell 

adhesion molecules (NCAMs) [291-298]. 

A prominent group of cell adhesion molecules significant in the nervous system is the 

IgSF, unified by a shared Ig domain. High conservation between vertebrates and 

invertebrates characterises the IgSF molecules key for the processes involving the 

cells of the nervous system, in contrast to the immune system IgSF proteins [299, 

300]. In 1995, three members of the IgSF — limbic system-associated membrane 

protein (LAMP), opioid-binding cell adhesion molecule (OBCAM), and Neurotrimin 

(Ntm) — were categorised into a new subclass based on their high homology [301]. 

Named IgLON in homage to the initial three members, this subclass is prominently 

expressed on nervous system cell surfaces and can interact across or on the same 

side of synaptic clefts to achieve their functions either through homophilic or 

heterophilic binding [302]. The IgLON family now includes five members, IgLON1-5 

[303]. IgLON4, also known as NEGR1, stands out as the most researched since its 

identification in 1999 [304]. Notably, NEGR1 is the best match mammalian homologue 

to Lac, the gene highlighted in Chapter 4, sharing 45% similarity and 30% identity 

upon protein sequence alignment using DIOPT (http://www.flyrnai.org/diopt) [217] 

(Figure 5-1). 

http://www.flyrnai.org/diopt
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Figure 5-1 Sequence alignment between human NEGR1 and Drosophila Lac 

These two genes share 45% similarity and 30% identity. NEGR1 is Lac’s best match human homologue. 

Lac was identified and described before NEGR1, yet, NEGR1 has been studied much 

more extensively [305]. Initially named Kilon, kindred of IgLON, NEGR1 has since 

been fully incorporated into the IgLON family and found to be involved in correct neural 

development and synapse formation but is also associated with human obesity [304]. 

These two seemingly unrelated classes of NEGR1 functions have recently been 

explored in a study where NEGR1 was found to accumulate in GABAergic inhibitory 

synapses in hypothalamic neurons, promoting the clustering of a GABA-synthesizing 

enzyme, GAD65, at the synaptic plasma membrane. Interestingly, NEGR1 deficient 

mice have reduced GABAergic synapse densities and food reward responses, while 
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in high fat diet mice, NEGR1 and GAD65 accumulation increases abnormally [306]. 

With respect to its nervous system functions, in mice, it was established that NEGR1 

and fibroblast growth factor receptor 2 (FGFR2) jointly influence cortical development 

and fundamental behaviours associated with autism spectrum disorders. Negr1 

deficiency in mice was found to be responsible for structural changes in the brain and 

behavioural abnormalities [288, 307]. When studied in humans, the absence of the 

NEGR1 gene has been linked to conditions such as learning difficulties, intellectual 

disability, language impairment, developmental dyslexia and other neuropsychiatric 

issues [308-310]. 

Drosophila has their own suite of IgSF family proteins, occasionally referred to as the 

Wirin (wiring Ig) family, which control synaptic connectivity both structurally and 

functionally [299]. Wirins are suggested to have originated as a single gene in the 

bilaterians’ last common ancestor according to phylogenetic analysis, and IgLONs in 

deuterostomes, including NEGR1, are co-orthologous to Dpr (Defective proboscis 

extension response), DIP (Dpr Interacting Proteins), Klingon, and Lachesin 

subfamilies in protostomes, all descended from an ancient progenitor [311-313]. The 

family is named due to the shared function among its members, specifically in guiding 

neuronal wiring, where the unique combinations of Wirins members serve as 

"identifiers" for individual nervous system cells [312, 314-319]. 

However, Lac is one of the less studied Wirins, though it has been recognised as a 

promising candidate for further exploration [320]. Initially identified in grasshopper and 

fly, it was found to be expressed during neurogenesis in the CNS and the PNS. Lac is 

also a member of SJs and, through SJs, it assures proper morphogenesis of the 

Drosophila tracheal system by affecting cell length through cell adhesion [305]. SJs 
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and, in vertebrates, TJs, are both types of occluding junctions whose role is preventing 

free diffusion of solutes through the intercellular space, something particularly 

important in the BBB, which Lac was also found to be required for [205, 321]. 

Interestingly, many other IgLONs, including NEGR1, are also expressed at the 

mammalian BBB [303]. 

The BBB is a structure aimed at protecting the complex nervous systems against 

uncontrolled solute, metabolite, or pathogen entry. In higher vertebrates, this barrier 

is made by polarised endothelial cells with extensive TJs; in contrast, lower vertebrates 

and invertebrates rely solely on glial cells for their BBB [210]. Given the structural 

similarities of IgLONs as evidenced in previous research, they might have influenced 

evolutionary adaptations in brain complexity, including the regulation of neural growth 

and BBB integrity [303]. The period of emergence of complex BBBs seems to coincide 

with IgLON duplication events [303, 322, 323]. 

Thus, Lac emerged as an interesting candidate to further explore, both from the 

previous research looking into IgLONs roles in the BBB formation, but also my own 

observations from the preceding chapters. Very little is known about the transport and 

local translation of mRNAs coding for cell adhesion proteins, specifically in BBB glia. 

In this chapter, I therefore wanted to investigate the functions of Lac specifically with 

this context in mind. Where is the Lac mRNA in the glial projections when compared 

to the BBB? Is Lac mRNA or protein affected in the context of structural synaptic 

plasticity at the Drosophila NMJ? Which glial cells whose projections make it to the 

NMJ contribute to the observed crawling phenotype, and does knocking Lac down in 

the motor neuron cause the same phenotype? Is Lac mRNA in the NMJ glial 

projections spliced or unspliced? Asking these questions could allow me to further 
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understand not only the function of IgSF in invertebrate BBB, but also how that function 

can be controlled by mRNA localisation and local translation. 

5.2 Specific aims of this chapter 

1. To test the specificity of the previously used Lac-RNAi knockdown. 

2. To test the specificity of the previously used CPTI Lac::YFP line. 

3. To quantify the amount of Lac mRNA and protein in the Drosophila 3rd instar 

NMJ before and after spaced potassium stimulation, and thus explore potential 

impact of structural synaptic plasticity on Lac mRNA transport and translation. 

4. To assess whether introns are present in Lac mRNA molecules found in the 

NMJ glial projections. 

5. To visualise the glial cell subtypes whose projections make it to the NMJ and 

determine which glial cell subtypes contribute to the previously observed 

impaired crawling phenotype upon Lac-RNAi knockdown. 

6. To establish whether Lac-RNAi knockdown in the motor neuron causes similar 

phenotype to the previously observed impaired crawling phenotype upon glial 

Lac-RNAi knockdown. 

7. To determine the impact of the RNAi knockdown of Imp, which encodes an 

mRNA binding protein, on the Lac mRNA presence at the NMJ. 

8. To understand the Lac mRNA localisation with respect to the BBB and motor 

neuron axon projections at the NMJ. 
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5.3 Materials and methods 

5.3.1 Fly stocks 

For the experiments in this chapter, I used the previously mentioned Lac-RNAi (VDRC 

35524) and Lac::YFP (CPTI001714) lines, as well as the Repo>GFP and 

Repo>mCherry lines. For the Imp knockdown in glia, I used Imp-RNAi (BDSC 34977). 

For Lac-RNAi and Imp-RNAi knockdown experiments, I used the same mCherry-RNAi 

(BDSC 35785) control cross: UAS-mCD8-GFP/+; Repo-GAL4/UAS-mCherry-RNAi. 

I also constructed two different lines to fluorescently label SPG and PG and test if their 

projections reach the NMJ: Mdr65-GAL4 (gifted by Teodoro laboratory, BDSC 50472) 

and 46F-GAL4 (gifted by Prof Stefanie Schirmeier), respectively, driving UAS-mCD8-

GFP expression (BDSC 63045). To test if WG projections reach the NMJ, I used Nrv2-

GAL4, UAS-mCD8-GFP/CyoGFP line, gifted by Teodoro laboratory. 

To carry out Lac-RNAi knockdown in the motor neuron, I used a previously constructed 

OK6-GAL4, UAS-mCD8-mCherry/CyoGFP line available in our laboratory and 

crossed it to Lac-RNAi (VDRC 35524). The control experiment was the same line 

crossed to Luciferase-RNAi (BSDC 35788). To label the BBB, I used Nrx-IV::GFP 

protein trap (CA06597), kindly gifted by Teodoro laboratory. Table 5-1 presents all 

lines used in the experiments described in this chapter. 
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Table 5-1 List of Drosophila melanogaster stocks used in Chapter 5 

Line name Line ID Line source Line description 

Lac::YFP CPTI001714 DGRC Lachesin gene YFP protein trap line 

Repo-GAL4 7415 BDSC Expresses GAL4 in glia [155] 

UAS-mCD8-
mCherry/cyo-GFP 

27391 BDSC Expresses Cherry RFP fused to the mouse CD8 extracellular and 
transmembrane domains for membrane targeting under UAS 
control. 

UAS-mCD8-
GFP/cyo-GFP 

63045 BDSC Expresses GFP fused to the mouse CD8 extracellular and 
transmembrane domains for membrane targeting under UAS 
control. 

Lac-RNAi GD 35524 VDRC Expresses dsRNA for RNAi of Lac under UAS control in the pUAST 
vector pMF3. 

mCherry-RNAi 35785 BDSC Expresses dsRNA for RNAi of mCherry under UAS control in the 
VALIUM20 vector. 

Nrv2-GAL4, UAS-
mCD8-
GFP/CyoGFP 

- - Recombined stock which expresses GAL4 in WG and drives 
expression of membrane targeted GFP, kindly gifted by Prof Rita 
Teodoro. Based on BDSC stocks 6800 and 63045. 

46F-GAL4 - - Expresses GAL4 in PG[187]. Gift from Prof Stefanie Schirmeier. 

Mdr65-GAL4 50472  BDSC Expresses GAL4 in SPG. 

OK6-GAL4 > 
UAS-mCD8 
mCherry 

- Constructed in the 
Davis laboratory 

GAL4 expressed in motor neurons, recombined with membrane 
targeted mCherry. 

Imp-RNAi 34977 BDSC Expresses dsRNA for RNAi of Imp under UAS control in the 
VALIUM20 vector. 

Nrx-IV::GFP CA06597 - Carnegie collection protein trap for neurexin IV, labelled with GFP, 
kindly gifted by Prof Rita Teodoro[188]. 

Luciferase-RNAi 35788 BDSC Expresses firefly Luciferase under the control of UAS in the 
VALIUM10 vector.  

5.3.2 Driver RNAi crosses genotype abbreviations 

I abbreviate the genotypes of the RNAi fly crosses created in this chapter as outlined 

in Table 5-2. 

Table 5-2 Summary of fly line abbreviations used in Chapter 5 

Full genotype Abbreviation 

UAS-mCD8-GFP/+; Repo-GAL4/UAS-mCherry-RNAi Repo>Control 

UAS-mCD8-GFP/+; Repo-GAL4/UAS-Lac-RNAi Repo>Lac-RNAi 

UAS-mCD8-GFP/+; Repo-GAL4/UAS-Imp-RNAi Repo>Imp-RNAi 

Nrv2-GAL4, UAS-mCD8-GFP/+; UAS-mCherry-RNAi/+ Nrv2>Control 

Nrv2-GAL4, UAS-mCD8-GFP/+; UAS-Lac-RNAi/+ Nrv2>Lac-RNAi 

46F-GAL4/+; UAS-mCD8-GFP/UAS-mCherry-RNAi 46F>Control 

46F-GAL4/+; UAS-mCD8-GFP/UAS-Lac-RNAi 46F>Lac-RNAi 

UAS-mCD8-GFP/+; Mdr65-GAL4/UAS-mCherry-RNAi Mdr65>Control 

UAS-mCD8-GFP/+; Mdr65-GAL4/UAS-Lac-RNAi Mdr65>Lac-RNAi 

OK6-GAL4, UAS-mCD8-mCherry/+; UAS-Luciferase-RNAi/+ OK6>Control 

OK6-GAL4, UAS-mCD8-mCherry/+; UAS-Lac-RNAi/+ OK6>Lac-RNAi 
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5.3.3 Spaced High K+ depolarisation paradigm 

The spaced potassium stimulation procedure was conducted as previously detailed in 

Section 2.8.1. Briefly, the larvae were dissected and underwent five consecutive 

washes of potassium-rich solution (3 times 2 minutes), with 10-minute intervals of low 

potassium solution in between [197].  

5.3.4 Larval locomotion behaviour assay  

The larval crawling behaviour was explored using the automated tracking assay as 

described in Section 2.8.2.2 [199]. Briefly, 3rd instar wandering larvae were acclimated 

for 1 hour at room temperature, then transferred five at a time to a 9-cm 1% agarose 

petri dish and acclimatised for 1-minute. Larvae were recorded in 1080p at 30fps, and 

subsequently tracked using the BIOImageOperation software's standard tracking 

mode, available at https://joostdefolter.info/bio-research. Tracking ended when larvae 

reached the plate edge or interacted with another larva. I verified the tracking results 

manually by comparing them to post-filtering videos, discarding any false tracks. Clean 

data was processed in RStudi using the ‘tidyverse’ package. I quantified crawling 

speed (in cm/s), path straightness, as well as movement linearity (mean directional 

change) and irregularity (standard deviation of directional change), the latter two 

calculated using ‘trajr’ package in RStudio (Section 2.8.3) [200, 324]. 

5.3.4.1 Image acquisition and processing 

The morphology of 3rd instar Drosophila NMJs was assessed using confocal 

microscopy (Section 2.5.2). I quantified the NMJ morphology before and after 

stimulation by measuring glial and motor neuron axon terminal projection areas (both 

expressed in μm²), labelled with Repo-GAL4 driving UAS-mCD8-GFP and α-HRP 

antibody, respectively, as well as their ratios (Section 2.7.1). The measurements were 

https://joostdefolter.info/bio-research
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made in abdominal segments 2-5, using ImageJ, and subsequently analysed in 

RStudio [121, 194, 195]. I quantified the area of the BBB in the same way using the 

Nrx-IV::GFP labelling. The Lac::YFP protein signal intensity was calculated by 

subtracting the background from the sum of signal intensity and dividing that by the 

sum of the Lac::YFP area using ImageJ and RStudio (Section 2.7.3). 

5.3.4.2 mRNA spots quantification 

I detected Lac mRNA, either labelled with the α-YFP probe or α-Lac intron or exon 

probes using smFISH as previously described (Section 2.4.3) and visualised the signal 

in tissue using confocal microscopy (Section 2.6.1). The probe sequences can be 

found in the Table B-2 in the Appendix. I utilised a tailored Big-FISH approach to count 

smFISH spots in the images (Section 2.7.2) [196]. After background subtraction and 

noise reduction, the intensity threshold was set based on manual examination of 

representative spots. Following this, mRNA smFISH spots in each image were 

detected and their positions correlated with "mask" images of glial areas, axon terminal 

areas, or NrxIV::GFP areas. This process provided a comprehensive count of single 

mRNA molecules within the NMJ glia, marked by Repo>GFP, neurite (α-HRP area) or 

BBB area (marked by NrxIV::GFP signal). 

5.4 Results 

5.4.1 CPTI Lac::YFP and Lac-RNAi lines target Lac 

Having identified Lac as a candidate transcript whose knockdown in glia resulted in 

altered larval locomotion, my objective was to explore the mechanism through which 

Lac acted at the NMJ. To start, I first set out to confirm that the YFP trap used in 

Chapter 3 indeed labels Lac protein. I designed α-Lac exon probes and used it 
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together with the same α-YFP probes from Chapter 3 to image 3rd instar Drosophila 

NMJs and observe whether they co-localise. The probe sequences are available in 

Table B-1 in the Appendix. Indeed, the probes showed the exact same pattern of 

expression (Figure 5-2). 

 

Figure 5-2 Co-localisation of Lac::YFP mRNA and Lac mRNA in Drosophila NMJ glia 

A) A representative confocal image of the Lac::YFP CPTI line Drosophila 3rd instar larva NMJ (segment 

A3), showing the Lac mRNA in magenta (α-Lac exon probe, Alexa 568), Lac::YFP mRNA in white (α-

YFP exon probe, Atto 633), Lac protein in green (Lac::YFP), and the motor neuron axon terminal 

projection in cyan (α-HRP antibody conjugated to Alexa 405 fluor). B-C) A single-channel view (see 

label) of A i) showing mRNA molecules of Lac::YFP and Lac exon in the same locations. D) A zoomed 

in view of ii) of A) showing a selected area of Lac::YFP protein with multiple mRNA molecules. E-F) A 

single-channel view (see label) of D (A ii)) showing that Lac exon and Lac::YFP exon molecules are in 

the exact same locations. Scale bars: A-C - 10 µm, D-F – 5 µm.  
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In order to determine if Lac::YFP area could be used as a proxy for glial area, I wanted 

to compare what proportion of the glial projection area, as labelled by Repo>mCherry, 

Lac::YFP protein occupies. I crossed the Repo>mCherry line to the CPTI Lac::YFP 

line and quantified the respective areas. There was no significant difference (Wilcoxon 

rank sum test, p = 0.0616, Figure 5-3) between the areas of glial membrane marked 

by Repo>mCherry and Lac::YFP, suggesting that Lac protein fills the glial cell 

projection nearly completely. 

 

Figure 5-3 Lac::YFP area is similar in size to glial projections area 

Quantification of the glial projection areas, labelled with Repo>mCherry, and Lac protein areas, marked 

with Lac::YFP. Wilcoxon rank sum test p-value is reported (p = 0.0616, N. S.). 

I next wanted to confirm whether the RNAi knockdown line (VDRC 35524) which I 

used in Chapter 4 indeed targets Lac. I therefore used smFISH to visualise the Lac 

mRNA molecules in control and Lac-RNAi knockdown larval 3rd instar NMJ glia (Figure 
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5-4). The glial projections of the Lac-RNAi knockdown NMJs seemed to have almost 

no Lac mRNA molecules. I then confirmed through quantification that the numbers of 

Lac mRNA molecules were significantly decreased in the Lac-RNAi NMJs (Wilcoxon 

rank sum test, p < 0.001, Figure 5-5). Therefore, VDRC 35524 Lac-RNAi line 

previously used targets Lac, and the observed phenotypes can be attributed to Lac 

knockdown. 

 

Figure 5-4 Lac mRNA in absent in Lac-RNAi Drosophila glia 

A-F: control. G-L: Lac-RNAi glial knockdown. D-F and J-L are zoomed in areas of i) in A and ii) in G, 

respectively. A, D, G, J) Confocal images of the Drosophila 3rd instar larval NMJs, showing Lac mRNA 

in white (α-Lac exon probe, Alexa 568), and glial membrane of perisynaptic glia labelled with Repo>GFP 

in green. B, E, H, K) A single-channel view of A, D, G, J respectively, showing only the glial membrane 

of perisynaptic glia. C, F, I, L) A single-channel view of A, D, G, J respectively, showing only Lac mRNA. 

Scale bar: 10 µm. 
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Figure 5-5 Number of Lac mRNA molecules is significantly reduced in Lac-RNAi glia 

A) Example masks showing the overlay of the detected mRNA molecules (red) in the control (left) and 

Lac-RNAi (right) NMJ glia (black binary mask of Repo>GFP area acquired using ImageJ). B) 

Quantification of the number of Lac mRNA molecules within glia shows a significant (p < 0.001) 

decrease of the number of mRNA molecules in the Lac-RNAi knockdown NMJs. Wilcoxon rank sum 

test p-value is reported. See legend for genotype details. 

5.4.2 Lac-RNAi NMJ phenotype exploration 

Having confirmed the successful knockdown of Lac with the previously utilised RNAi 

line (VDRC 35524), I wanted to further explore the previously observed NMJ 

phenotype. Particularly, I set out to image the glial projections at the NMJ in control 

(Figure 5-6) and RNAi (Figure 5-7) conditions, after high potassium stimulation. 

Glial projections in control NMJs are predominantly simple and not overly branched. 
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contact with a synaptic bouton (Figure 5-6 Aii), which has been described before [121]. 

They are also known to interact with motor neuron “ghost boutons” (Figure 5-6 Bii, Ci) 

and the trachea (Figure 5-6D) [204]. Interestingly, many are independent structures 

with Lac mRNA molecules localised to their very periphery (Figure 5-6 Ai, Bi, Cii). 

In contrast, the glial projections in the Lac-RNAi condition are extensive and form 

structures not seen in the control condition, making them appear disordered and 

chaotic (Figure 5-7). Some seem to form “glial ghost boutons” which present as 

untethered round structures akin to neuronal “ghost boutons” with no neurite attached 

to them (Figure 5-7 Ai, Bi). Others make projections ending in boutons like those seen 

in the control (Figure 5-6 Ai), but much more numerous and extensive (Figure 5-7 Aii, 

B). They often co-exist with neuronal “ghost boutons” and occasionally seem to 

“compete” with them (Figure 5-7 Biii-iv) or enwrap them (Figure 5-7 Bii, Ciii). The glial 

membrane branches observed in Lac-RNAi are more extensive, too. Some wrap the 

tracheas (Figure 5-7 Ci), like in control (Figure 5-6 D), others extend seemingly 

aimlessly over the muscle surface (Figure 5-7 E). Some branches give rise to 

numerous processes and boutons which do not interact with any other structures 

(Figure 5-7 Cii, D). 
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Figure 5-6 Lac mRNA localises to the tips of distal projections made by perisynaptic glia 

A-D) Confocal images of control Drosophila 3rd instar larval NMJs showing Repo>GFP signal in green 

(Repo>GFP, mCherry-RNAi), motor neuron axon terminal in magenta (α-HRP antibody conjugated to 

Alexa 568 fluor), postsynaptic density in blue (α-dlg1 antibody, Alexa 405 fluor, trachea is auto-

fluorescent) and Lac mRNA in white (α-Lac exon probe, Atto 633). Scale bar: 25 µm. i-ii) A zoomed in 

view of A-D. See labels for details. Scale bar: 2 µm. A) Glia form processes which elongate along 

muscle surface (Ai) or terminate bluntly before the proximal bouton (Aii). Lac mRNA is localised to the 

very edge of both. B) Glial processes can be independent structures (Bi) or can interact with “ghost 

boutons” (Bii), where Lac mRNA is located at the contact site between the glial and the neural 

membrane. C) More examples of glial projections interacting with a large “ghost bouton” (Ci) and 

creating an interesting, forked structure (Cii) with Lac mRNA located to its very edge. D) Glial projections 

filled with Lac mRNA molecules interact with the trachea (Di, Dii). 
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Figure 5-7 Lac-RNAi knockdown driven emergence of disordered glial structures 
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Previous page: A-E) Confocal images of Lac-RNAi Drosophila 3rd instar larval NMJs showing 

Repo>GFP signal in green (Repo>GFP, Lac-RNAi), motor neuron axon terminal in magenta (α-HRP 

antibody conjugated to Alexa 568 fluor) and the postsynaptic density in blue (α-dlg1 antibody, Alexa 

405 fluor, trachea is auto-fluorescent). Scale bar: 25 µm. i-iv) A zoomed in view of A-E. See labels for 

details. Scale bar: 2 µm. Glial membrane indicated with a yellow arrow, neuronal membrane with a 

yellow asterisk. A) Lac-RNAi glia form boutons independent from neuronal “ghost boutons” (Ai, Aii). B) 

Glial boutons in Lac-RNAi interact closely with neuronal structures. C) Glial branches wrap around 

trachea (Ci) and form independent structures (Cii). Glial boutons wrap around “ghost boutons” (Ciii). D) 

Lac-RNAi glia create numerous glial boutons. E) Lac-RNAi glia create unbranched, long projections. 

5.4.3 Lac exon, but not intron, are present at the NMJ 

I next wanted to verify whether Lac molecules observed at the NMJ are pre-mRNA or 

mRNA. I designed α-Lac intron probes (Table B-1 in the Appendix) and used smFISH 

to visualise them together with α-Lac::YFP probes (Figure 5-8). I did not observe any 

Lac intron signal at the NMJ, but I did observe Lac::YFP exon signal. I however 

observed intron signal in the brain cell nuclei, overlapping with the exon signal. Thus, 

I concluded that pre-mRNA of Lac is not present at the NMJ. 
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Figure 5-8. Lac intron and Lac::YFP exon in the NMJ and VNC 
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Previous page: A) Confocal image of the Drosophila 3rd instar larval NMJ, showing Lac::YFP protein 

signal in green, Lac intron in magenta (α-Lac intron probe, Alexa 568) and Lac::YFP exon in white (α-

YFP probe, Atto 633). Scale bar: 10 µm. B) A zoomed-in view (see label) of the region marked i) in A 

showing the Lac::YFP mRNA exon molecules overlapping with the Lac::YFP protein area. Scale bar: 5 

µm. C) A zoomed-in view (see label) of the region marked i) in A showing the absence of Lac intron 

mRNA signal in the Lac::YFP protein area. Scale bar: 5 µm. D) Confocal image of the Drosophila 3rd 

instar larval VNC showing Lac::YFP protein signal in green, Lac intron in magenta (α-Lac intron probe, 

Alexa 568) and Lac::YFP exon in white (α-YFP probe, Atto 633). Scale bar: 10 µm. B) A zoomed-in 

view (see label) of the region marked ii) in D showing the Lac::YFP mRNA exon molecules near and in 

a selected VNC nucleus. The overlap area is marked with a yellow asterisk. Scale bar: 1 µm. C) A 

zoomed-in view (see label) of the region marked ii) in D showing the overlap of Lac intron mRNA signal 

with the Lac::YFP mRNA exon, marked with the yellow asterisk. Scale bar: 1 µm. 

5.4.4 Lac::YFP area decreases after stimulation, but mRNA and protein are 

unaffected 

I next performed a spaced potassium simulation experiment with the use of Lac::YFP 

line to observe the dynamics of Lac::YFP mRNA and protein at the Drosophila NMJ in 

the context of structural synaptic plasticity (Figure 5-9). Lac::YFP protein is present in 

fine “projections” both at unstimulated (Figure 5-9 A, B) and stimulated (Figure 5-9 C, 

D) NMJs. These projections interact with each other and motor neuron branches 

(Figure 5-9 i, ii) as well as mature (Figure 5-9 iii) and “ghost” synaptic boutons (Figure 

5-9 iv). Lac::YFP mRNA molecules are localised to the periphery of those Lac::YFP 

protein filaments. 

I then quantified the area occupied by the Lac::YFP protein, Lac::YFP protein signal 

density, and the motor neuron axon projection area before and after the potassium 

stimulation as described in Sections 2.7.3 and 2.7.1 to try to examine possible 

changes in the area occupied by Lac::YFP, or increase in the amount of Lac::YFP 

protein, possibly thanks to local translation caused by the stimulation. I expected that 
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Lac::YFP protein signal intensity or Lac::YFP area could increase if stimulation caused 

local translation, but the motor neuron axon projection area should not change 

significantly. The results obtained indicate no significant changes in the Lac::YFP 

protein signal density or the motor neuron axon projection area (Wilcoxon rank sum 

test, p = 0.498), but the Lac::YFP protein area is decreased after stimulation, in 

contrast to what I hypothesised (Wilcoxon rank sum test, p < 0.05, Figure 5-10). I also 

quantified the number of Lac::YFP mRNA molecules in the different NMJ 

compartments, namely the Lac::YFP area, or the approximate “glial projection” area, 

and the α-HRP area, the neuronal projection area. I suspected that if Lac mRNA is 

required in glia for structural synaptic plasticity of the neighbouring motor neuron, the 

stimulation might induce increased transport of Lac mRNA to the glial periphery. 

However, neither “glial”, nor neuronal projection Lac mRNA molecule numbers were 

significantly changed after the spaced potassium stimulation (Wilcoxon rank sum test, 

p = 0.401 & 0.162, Figure 5-11 A). Yet, both before and after stimulation, the number 

of Lac::YFP mRNA molecules in the α-HRP area was significantly higher than in glial 

domain, where I used Lac::YFP area as a proxy (Wilcoxon rank sum test, p<0.0001 in 

both cases, Figure 5-11 B). 

Intrigued by these results, I wondered if decreased Lac::YFP areas (Figure 5-10 A) 

and unaffected number of mRNA molecules (Figure 5-11 A) translate to an overall 

increase in the concentration of Lac::YFP mRNA molecules per unit of Lac::YFP area. 

I quantified the numbers of mRNA molecules per µm2 of Lac::YFP area for 

unstimulated and stimulated NMJs, and determined that the difference was not 

significant (Wilcoxon rank sum test, p=0.85, Figure 5-12). 
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Figure 5-9 The dynamics of Lac::YFP mRNA and protein before and after stimulation 
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Previous page: A-D) Confocal images of CPTI Lac::YFP Drosophila 3rd instar larval NMJs, showing 

Lac::YFP signal in green, motor neuron axon terminal in magenta (α-HRP antibody conjugated to Alexa 

568 fluor), the postsynaptic density in blue (α-dlg1 antibody, Alexa 405 fluor, trachea is auto-fluorescent 

in this channel) and Lac::YFP mRNA in white (α-YFP probe, Atto 633). Scale bar: 10 µm. i-iv) Zoomed 

in view of the respective ROI from A-D. See labels for details. Scale bar: 5 µm. A-B) Examples of 

unstimulated Lac::YFP NMJs showing fine Lac::YFP filaments with Lac::YFP mRNA localised to their 

periphery (i, ii). C-D) Examples of stimulated Lac::YFP NMJs showing Lac::YFP “projections” elongating 

along the motor neuron branches (iii) and interacting with “ghost boutons” (iv). 

 

Figure 5-10 Only Lac::YFP area changes after stimulation 

A). Comparison of Lac::YFP area and protein signal intensity. While the areas covered by Lac::YFP are 

lower (p < 0.05) after stimulation, the protein intensity signal is not significantly affected (p = 0.498). B). 

The area covered by the axon projection of the motor neuron is not significantly affected by the spaced 

potassium stimulation protocol on Lac::YFP larvae (p = 0.913). Wilcoxon rank sum test p-values are 

reported for both A and B. 
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Figure 5-11 Lac::YFP mRNA molecules distribution does not change with stimulation 

A). Quantification of mRNA molecules of Lac::YFP in the Lac::YFP and α-HRP areas pre- and post- 

spaced potassium. No significant differences were observed (Lac::YFP area p = 0.401, α-HRP p = 

0.162). B). Quantification of mRNA molecules of Lac::YFP in the Lac::YFP and α-HRP areas shows a 

significant difference between the numbers of molecules both pre- (p<0.0001) and post-stimulation 

(p<0.0001). Wilcoxon rank sum test Bonferroni adjusted p-values are reported for both A and B. 
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Figure 5-12 Lac::YFP mRNA molecules concentration does not change with stimulation 

There is no significant difference when comparing the numbers of Lac::YFP mRNA molecules per µm2 

of Lac::YFP area, approximating “glial” area, for unstimulated and stimulated conditions (p = 0.85). 

Wilcoxon rank sum test p-value is reported. 

I wanted to further explore the results obtained when quantifying the Lac::YFP area 

and observe whether the overall glial projection area at the NMJ also decreases after 

stimulation, without using Lac::YFP as proxy. I therefore performed a spaced 

potassium simulation assay on Repo>GFP line in control and Lac-RNAi knockdown 

conditions to compare what happens to glial projections before and after stimulation 

(Figure 5-13). Interestingly, in the control condition, axon terminal projection areas are 

unaffected and glial areas are decreased post-stimulation, much like for Lac::YFP 

(Figure 5-10), while for glial Lac-RNAi knockdown, neuronal areas are increased, and 

glial areas are unchanged after stimulation. 
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Figure 5-13 Neuronal and glial areas before and after spaced potassium stimulation 

A) Quantification of axon projection areas pre- and post-stimulation. In control, there is no significant 

difference for the axon projection area (p = 0.227) before and after stimulation. For Lac-RNAi in glia 

using pan-glial driver Repo-GAL4, the neuronal areas are significantly increased after stimulation 

(p<0.001). B) Quantification of glial projection areas pre- and post-stimulation. Glial areas are 

significantly decreased post-stimulation in control condition (p<0.0001), and not affected in Lac-RNAi 

(p glia = 0.0716). Wilcoxon rank sum test Bonferroni adjusted p-values are reported for both A and B. 

See legend for genotype details. 

5.4.5 Lac mRNA molecules associate with the BBB 

I wanted to understand the relationship between Lac mRNA at the NMJ and the 

Drosophila BBB, specifically considering the importance of IgLONs at the mammalian 

BBB discussed in the introduction of this chapter. Several SJ proteins mark the 

location of the BBB in the Drosophila NMJ, including Atpα, Nrg, nrv2, NrxIV and Cora 

[210, 325]. Using a NrxIV::GFP trap kindly gifted by Professor Rita Teodoro’s lab, I 

performed Lac smFISH to observe where Lac mRNA molecules are with respect to 

the BBB (Figure 5-14). I confirmed that many Lac mRNA molecules localise to 
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NrxIV::GFP area, further supporting that Lac may be a component of SJs. 

Interestingly, I observed individual Lac mRNA molecules localised to fine BBB 

“projections”, as demarcated by NrxIV::GFP. Notably, several Lac mRNA molecules 

are situated at the BBB edge, where the NrxIV::GFP signal terminates, suggesting 

that they could be primed for translation potentially linked to ongoing BBB 

maintenance or function (Figure 5-14, C-K). This observation led me to the hypothesis 

that mRNA molecules encoding SJ proteins, some of which I also studied in Chapter 

3, might play roles in the repair of SJs, their proliferation, or the overall maintenance 

of the BBB, especially during neural or glial remodelling. 

 

Figure 5-14 Lac mRNA overlaps with BBB and localises to its fine structures 

A-B) Confocal image of the Drosophila 3rd instar larval NMJ, showing motor neuron axon terminal 

projections in purple (α-HRP antibody conjugated to Alexa 568, A only), NrxIV::GFP protein signal in 

green and Lac exon in white (α-Lac exon probe, Atto 633). Scale bar: 15 µm. C-E, F-H, I-K) A zoomed-

in view (see label) of A i), ii) and iii), respectively, showing the Lac mRNA molecules association with 

fine distant regions of the BBB, marked by NrxIV::GFP. Scale bar: 1 µm. 
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I then aimed to determine the distribution pattern of Lac mRNA molecules within motor 

neuron axon terminal projections relative to the BBB. Given that the BBB labelling 

overlaps with that of the motor neuron axon terminal projections, I hypothesised that 

if Lac mRNA molecules were evenly distributed across both structures, the ratio of 

their distribution would mirror the ratio of the areas occupied by the BBB and the motor 

neuron axon terminal projection. However, the ratios of the numbers of Lac mRNA 

molecules present in the BBB to the numbers of Lac mRNA molecules in motor neuron 

axon terminal projection are significantly higher than the area ratios (Wilcoxon rank 

sum test, p < 0.01, Figure 5-15). This discrepancy led me to conclude that the area 

near the BBB is more densely populated with Lac mRNA molecules than the motor 

neuron axon terminal projection. 

 

Figure 5-15 Lac mRNA molecules are associated with the BBB 

Comparison of ratios of BBB (NrxIV::GFP) to motor neuron terminal (α-HRP) areas and numbers of Lac 

mRNA molecules in those areas. BBB to α-HRP area ratios are significantly lower (p<0.01) than Lac 

mRNA molecules in BBB area to Lac mRNA molecules in α-HRP area ratios. Thus, Lac mRNA 

molecules are preferentially associated with the BBB area within the α-HRP area. Wilcoxon rank sum 

test p-value reported. 
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5.4.6 Loss of glial projections at the NMJ following Imp-RNAi knockdown 

I wanted to explore whether mRNA knockdown of RNA binding proteins which could 

be involved in Lac mRNA transport to the glial periphery at the NMJ affects the 

numbers of mRNA molecules of Lac in the NMJ glia. Previous results from an 

individual-nucleotide resolution CrossLinking and ImmunoPrecipitation (iCLIP) 

experiment conducted in our laboratory focused on the IGF-II mRNA-binding protein 

(Imp) and showed that Imp protein targets Lac (Jeffrey Y Lee, Davis lab, unpublished). 

Using RBPmap database, putative Imp binding sites across Lac transcripts were also 

predicted (Dominika Syska, Davis lab, unpublished) (Figure 5-16). 

 

Figure 5-16 Imp binds Lac mRNA  

Imp binding sites (cyan) determined by the Imp iCLIP experiment (Jeffrey Y Lee, Davis lab, 

unpublished). Visuals generated by Dominika Syska, Davis lab. 
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Imp, or IGF-II mRNA-binding protein, can affect the stability, transport and translation 

of its target transcripts, and it is known to affect axonal transport and remodelling, as 

well as synaptogenesis, in the developing nervous system [326-328]. Therefore, 

based on the previous results and its known importance in the nervous system, I set 

out to investigate the consequences of Imp-RNAi knockdown in glial cells using the 

Repo-GAL4 pan-glial driver on the numbers of Lac mRNA molecules in the NMJ glial 

projections. 

Upon Imp-RNAi knockdown, I observed that no glial projections were extending to the 

NMJ area (Figure 5-17). The larvae used for this experiment were selected based on 

the GFP fluorescence of their brains, as both control (mCherry-RNAi) and Imp-RNAi 

were being driven by Repo>GFP line. Therefore, glial cells could not be completely 

ablated, but did not make projections to the NMJ. I thus could not quantify the impact 

of Imp-RNAi knockdown on the number of Lac mRNA molecules in NMJ glia. This 

observation alone is a notable phenotype, to my knowledge previously unreported in 

literature. 
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Figure 5-17 Imp-RNAi knockdown in glia causes loss of NMJ glial projections 
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Previous page: A) Confocal image of the Drosophila 3rd instar larval NMJ from the control condition, 

showing motor neuron axon terminal projections in magenta (α-HRP antibody conjugated to Alexa-

568), glial projections labelled with Repo>GFP line, and Lac exon in white (α-Lac exon probe, Atto 633). 

Scale bar: 15 µm. B-C) A zoomed-in view (see label) of A i), showing the Lac mRNA molecules in glia 

(B), and a single-channel view of Lac mRNA molecules (C). Scale bar: 10 µm. D) Confocal image of 

the Imp-RNAi knockdown Drosophila 3rd instar larval NMJ, showing motor neuron axon terminal 

projections in magenta (α-HRP antibody conjugated to Alexa 568), lack of glial projections labelled with 

Repo>GFP line, and Lac exon in white (Atto 633). Scale bar: 15 µm. E-F) A zoomed-in view (see label) 

of D ii), showing the Lac mRNA molecules against the empty glial channel (E), and a single-channel 

view of Lac mRNA molecules (F). Scale bar: 10 µm. 

5.4.7 Quantifying the impact of Lac-RNAi knockdown in specific glial cell subtypes 

I next set out to explore the effects of the RNAi knockdown of Lac in specific glial cell 

subtypes. Since the pan-glial promoter Repo drives expression in all larval glia, I 

wanted to explore specifically which glial subtype projections make it to the NMJ, and 

whether Lac mRNA was preferentially localised to one of the subtypes. Although some 

literature exists on the topic, conflicting reports are made about the specific subtypes 

and drivers to use. Specifically, most publications suggest that PG and SPG 

projections are the ones which are present at the NMJ, however, some publications 

also mention that WG extend their projections to the NMJs [111, 114, 118, 119, 126, 

329, 330]. 

I therefore used known drivers targeting all three cell types. These were: 46F-GAL4, 

kindly gifted by Prof. Stefanie Schirmeier’s laboratory, driving expression in PG [187, 

331], Mdr65-GAL4, kindly gifted by Prof. Rita Teodoro’s laboratory (available for 

purchase from BSDC, ID 50472), driving expression in SPG and Nrv2-GAL4, driving 

expression in WG (BDSC, ID 6800), already recombined with membrane targeted 

GFP. I crossed PG and SPG lines to the same UAS-mDC8-GFP line previously used 
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to visualise the glial membrane. I subsequently refer to the lines as 46F>GFP, 

Mdr65>GFP, Nrv2>GFP, respectively. 

I imaged control and Lac-RNAi knockdown NMJs crossed to all drivers, including 

Repo-GAL4 as positive control (Figure 5-18). I aimed both to verify which glial cell 

types make the NMJ projections, but, additionally, to observe any potential impact of 

Lac-RNAi knockdown on their morphology. I observed that PG (Figure 5-19) and SPG 

(Figure 5-20) created extensive projections at the NMJs, while WG made minimal or 

no projections at the NMJs (Figure 5-21). The hypermorphic NMJ phenotype 

previously observed for Lac-RNAi knockdown using Repo-GAL4 was not observed for 

Nrv2-GAL4 (Figure 5-21) or 46F-GAL4 (Figure 5-19), but was observed for Mdr65-

GAL4 (Figure 5-20), albeit to a much lesser extent when compared to Repo-GAL4 

(Figure 5-18). 
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Figure 5-18 Hypermorphic glial projections in Repo-GAL4 driven Lac-RNAi knockdown 

A) Confocal image of the Drosophila 3rd instar larval NMJ from the control condition for Repo-GAL4, 

showing motor neuron axon terminal projections in magenta (α-HRP antibody conjugated to Alexa-568) 

and glial projections labelled with Repo>GFP. Scale bar: 10 µm. B-C) A single-channel view (see label) 

of A. D) Confocal image of the Lac-RNAi knockdown Drosophila 3rd instar NMJ, showing motor neuron 

axon terminal projections in magenta (α-HRP antibody conjugated to Alexa-568) and hypermorphic, 

altered glial projections labelled with Repo>GFP. Scale bar: 10 µm. E-F) A zoomed-in view (see label) 

of D. Scale bar: 10 µm. See legend for genotype details. 
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Figure 5-19 Glial projections in 46F-GAL4 driven Lac-RNAi knockdown 

A) Confocal image of the Drosophila 3rd instar larval NMJ from the control condition for PG, showing 

motor neuron axon terminal projections in magenta (α-HRP antibody conjugated to Alexa 568) and glial 

projections labelled with 46F>GFP. Scale bar: 10 µm. B-C) A single-channel view (see label) of A. D) 

Confocal image of the Lac-RNAi knockdown Drosophila 3rd instar NMJ in PG using 46F>GFP line, 

showing motor neuron axon terminal projections in magenta (α-HRP antibody conjugated to Alexa-568) 

and glial projections labelled with 46F>GFP. Scale bar: 10 µm. E-F) A single-channel view (see label) 

of D. Scale bar: 10 µm. See legend for genotype details. 
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Figure 5-20 Glial projections in Mdr65-GAL4 driven Lac-RNAi knockdown 

A) Confocal image of the Drosophila 3rd instar larval NMJ from the control condition for SPG, showing 

motor neuron axon terminal projections in magenta (α-HRP antibody conjugated to Alexa-568) and glial 

projections labelled with Mdr65>GFP. Scale bar: 10 µm. B-C) A single-channel view (see label) of A. 

D) Confocal image of the Lac-RNAi knockdown Drosophila 3rd instar NMJ in SPG using Mdr65>GFP 

line, showing motor neuron axon terminal projections in magenta (α-HRP antibody conjugated to Alexa-

568) and glial processess, which have some unusual projections, labelled with Mdr65>GFP line. Scale 

bar: 10 µm. E-F) A single-channel view (see label) of D. Scale bar: 10 µm. See legend for genotype 

details. 
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Figure 5-21 Glial projections in Nrv2-GAL4 driven Lac-RNAi knockdown 

A) Confocal image of the Drosophila 3rd instar larval NMJ from the control condition for WG, showing 

motor neuron axon terminal projections in magenta (α-HRP antibody conjugated to Alexa-568) and glial 

projections labelled with Nrv2>GFP. Scale bar: 10 µm. B-C) A single-channel view (see label) of A. D) 

Confocal image of the Lac-RNAi knockdown Drosophila 3rd instar NMJ in WG using Nrv2>GFP line, 

showing motor neuron axon terminal projections in magenta (α-HRP antibody conjugated to Alexa-568) 

and glial projections labelled with Nrv2>GFP. Scale bar: 10 µm. E-F) A single-channel view (see label) 

of D. Scale bar: 10 µm. See legend for genotype details.  
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After confirming the presence of projections from all three glial cell subtypes at the 

NMJ, I performed the larval locomotion analysis assay accompanied by NMJ 

morphometrics quantification with all three drivers. The aim of this experiment was to 

answer the question: which specific glial cell subtype plays the most significant role in 

the previously observed Lac-RNAi knockdown phenotype associated with the pan-

glial driver, Repo-GAL4? For each driver, I included Repo-GAL4 as a positive control 

and quantified glial and motor neuron axon terminal projection areas and their ratios. 

Additionally, I tested locomotor activity of the larvae by quantifying crawling speed, 

movement linearity, path straightness and movement irregularity, as defined in Section 

2.8.3. 

I observed virtually no differences in larval crawling and NMJ morphometrics for Lac-

RNAi knockdown using the 46F>GFP line when compared to its control 

(Figure 5-22 – 25). Comparing Nrv2>Lac-RNAi to Nrv2>Control (Figure 5-26), I 

observed that 3 parameters were significantly affected: motor neuron axon terminal 

projection areas (p < 0.0001) (Figure 5-27), movement linearity (p < 0.01) (Figure 5-29 

B) and movement irregularity (p < 0.01) (Figure 5-29 D). The neuronal and glial area 

ratios were not affected (Figure 5-28). Finally, when knocking down Lac with 

Mdr65>GFP line (Figure 5-30), all crawling parameters were significantly affected 

(Figure 5-33 A-D) (crawling speed: p < 0.0001, movement linearity: p < 0.0001, path 

straightness: p < 0.05, movement irregularity: p < 0.0001). Interestingly, despite 

observing a slight manifestation of the hypermorphic glial projection phenotype using 

microscopy (Figure 5-20 E), this did not correlate with quantitative differences (Figure 

5-31, Figure 5-32). 
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Figure 5-22 Motion tracks of locomotion assay for Lac knockdown in perineurial glia 

Color-coded trajectories representing the motion of free crawling 3rd instar larvae of different genotypes 

(see labels above) over time (n = 44 (Repo-GAL4 Control), 42 (Repo-GAL4 > Lac-RNAi), 

44 (46F-GAL4 Control), 43 (46F-GAL4 > Lac-RNAi)). 
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Figure 5-23 Comparison of glial and neuronal areas for Lac knockdown in perineurial glia 

Comparison of glial (left) and neuronal (right) projection areas between all glia and PG in control and 

Lac-RNAi conditions (n = 30 (Repo Control), 33 (Repo>Lac-RNAi), 31 (46F Control), 

29 (46F>Lac-RNAi)). Significance levels are denoted as follows: **p < 0.01; ****p < 0.0001. Dunnett's 

Test (Holm Adjusted) p-values are reported for all panels. See legend for genotype details. 
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Figure 5-24 Comparison of glial to neuronal area ratios for Lac knockdown in perineurial glia 

Comparison of glial (left) and neuronal (right) area ratios between all glia and PG in control and Lac-

RNAi conditions (n = 30 (Repo Control), 33 (Repo>Lac-RNAi), 31 (46F Control), 29 (46F>Lac-RNAi)). 

Significance levels are denoted as follows: **p < 0.01; ****p < 0.0001. Dunnett's Test (Holm Adjusted) 

p-values are reported. See legend for genotype details. 
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Figure 5-25 Quantification of larval free crawling parameters for Lac RNAi in perineurial glia 

Larval free-crawling parameters quantification (see Materials and Methods Section 2.8.3) (n = 44 

(Repo-GAL4 Control), 42 (Repo-GAL4 > Lac-RNAi), 44 (46F-GAL4 Control), 43 (46F-GAL4 > Lac-

RNAi)). Significance levels are denoted as follows: **p < 0.01; ****p < 0.0001. Dunnett's Test (Holm 

Adjusted) p-values are reported for all panels. See legend for genotype details. 
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Figure 5-26 Motion tracks of locomotion assay for Lac knockdown in wrapping glia 

Color-coded trajectories representing the motion of free crawling 3rd instar larvae of different genotypes 

(see labels above) over time (n = 45 (Repo Control), 44 (Repo>Lac-RNAi), 44 (Nrv2 Control), 

40 (Nrv2>Lac-RNAi)). 
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Figure 5-27 Comparison of glial and neuronal areas for Lac knockdown in wrapping glia 

Comparison of glial (left) and neuronal (right) projection areas between all glia and WG in control and 

Lac-RNAi conditions (n = 28 (Repo Control), 23 (Repo>Lac-RNAi), 17 (Nrv2 Control), 24 (Nrv2>Lac-

RNAi)). Significance levels are denoted as follows: **p < 0.01; ****p < 0.0001. Dunnett's Test (Holm 

Adjusted) p-values are reported for all panels. See legend for genotype details. 
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Figure 5-28 Comparison of glial to neuronal area ratios for Lac knockdown in wrapping glia 

Comparison of glial (left) and neuronal (right) area ratios between all glia and WG in control and Lac-

RNAi conditions (n = 28 (Repo Control), 23 (Repo>Lac-RNAi), 17 (Nrv2 Control), 24 (Nrv2>Lac-

RNAi)). Significance levels are denoted as follows: **p < 0.01; ****p < 0.0001. Dunnett's Test (Holm 

Adjusted) p-values are reported. See legend for genotype details. 
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Figure 5-29 Quantification of larval free crawling parameters for Lac RNAi in wrapping glia 

Larval free-crawling parameters quantification (see Materials and Methods Section 2.8.3) ((n = 45 

(Repo Control), 44 (Repo>Lac-RNAi), 44 (Nrv2 Control), 40 (Nrv2>Lac-RNAi)). Significance levels are 

denoted as follows: **p < 0.01; ****p < 0.0001. Dunnett's Test (Holm Adjusted) p-values are reported 

for all panels. See legend for genotype details. 
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Figure 5-30 Motion tracks of locomotion assay for Lac knockdown in subperineurial glia 

Color-coded trajectories representing the motion of free crawling 3rd instar larvae of different genotypes 

(see labels above) over time (n = 43 (Repo Control), 45 (Repo>Lac-RNAi), 37 (Mdr65 Control), 41 

(Mdr65>Lac-RNAi)). 
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Figure 5-31 Comparison of glial and neuronal areas for Lac knockdown in subperineurial glia 

Comparison of glial (left) and neuronal (right) projection areas between all glia and SPG in control and 

Lac-RNAi conditions (n = 40 (Repo Control), 32 (Repo>Lac-RNAi), 40 (Mdr65 Control), 38 (Mdr65>Lac-

RNAi)). Significance levels are denoted as follows: **p < 0.01; ****p < 0.0001. Dunnett's Test (Holm 

Adjusted) p-values are reported for all panels. See legend for genotype details. 
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Figure 5-32 Comparison of glial to neuronal area ratios for Lac knockdown in subperineurial glia 

Comparison of glial (left) and neuronal (right) projection area ratios between all glia and SPG in control 

and Lac-RNAi conditions (n = 40 (Repo Control), 32 (Repo>Lac-RNAi), 40 (Mdr65 Control), 38 

(Mdr65>Lac-RNAi)). Significance levels are denoted as follows: **p < 0.01; ****p < 0.0001. Dunnett's 

Test (Holm Adjusted) p-values are reported for all panels. See legend for genotype details. 
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Figure 5-33 Quantification of larval free crawling parameters for Lac RNAi in subperineurial glia 

Larval free-crawling parameters quantification (see Materials and Methods Section 2.8.3) n = 43 (Repo 

Control), 45 (Repo>Lac-RNAi), 37 (Mdr65 Control), 41 (Mdr65>Lac-RNAi)). Significance levels are 

denoted as follows: **p < 0.01; ****p < 0.0001. Dunnett's Test (Holm Adjusted) p-values are reported 

for all panels. See legend for genotype details. 

Figure 5-34 provides a summary of various NMJ morphometric measurements 

associated with each glial cell driver. Among these measurements, all three metrics 

show significant changes in the Repo>Lac-RNAi knockdown condition. 

However, the only glial driver that partially replicates these observed changes is Nrv2-

GAL4. Specifically, Nrv2-GAL4 knockdown of Lac leads to a significant decrease in 

neurite projection area. This suggests that no single glial driver appears to be primarily 
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responsible for the observed phenotype when Repo-GAL4 is used. Instead, it 

indicates the possibility of a cumulative or compounding effect of Lac-RNAi 

knockdown on NMJ morphometrics, involving contributions from multiple glial cell 

subtypes. 

 

Figure 5-34 Only Nrv2-GAL4 driven knockdown of Lac affects NMJ morphometrics 

Foldchange in glial protrusion area, neurite area and their ratio upon knockdown of Lac in unstimulated 

NMJs using various glial cell subtype drivers. Data from figures 16-18 is replotted for easier visualisation 

purposes. Data represents average foldchange for each gene. Wilcoxon rank sum test p-values are 

reported (n = 98 (Repo Control), 88 (Repo>Lac-RNAi), 31 (46F Control), 29 (46F>Lac-RNAi),  

40 (Mdr65 Control), 38 (Mdr65>Lac-RNAi), 17 (Nrv2 Control), 24 (Nrv2>Lac-RNAi). See legend for 

genotype details. 
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are transient structures destined to be stabilised into mature boutons or else 

eliminated. Increased “ghost bouton” numbers in a gene mutant or knockdown could 

indicate that this gene plays a role in the proper maturation of “ghost boutons” and the 

formation of synapses with correct structural attributes [267, 332-334]. I observed no 

significant differences in the numbers of “ghost boutons” observed in unstimulated 

NMJs for any of the glial driver used to knock Lac down (Figure 5-35), indicating that 

glial knockdown of Lac does not affect the “ghost bouton” maturation process. 

 

Figure 5-35 Knockdowns of Lac in glia do not affect developmental “ghost bouton” numbers 

Bar graph represents average log2 FoldChange of “ghost bouton” counts compared to RNAi controls 

using varying glial drivers. Wilcoxon rank sum test p-values are reported (n = 98 (Repo>GFP control), 

87 (Repo>Lac-RNAi), 31 (46F>Control), 29 (46F>Lac-RNAi), 40 (Mdr65>Control), 38 (Mdr65>Lac-

RNAi), 17 (Nrv2>Control), 24 (Nrv2>Lac-RNAi). See legend for genotype details. 
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5.4.9 Lac-RNAi knockdown in motor neuron affects the larval crawling behaviour 

I wanted to verify whether any of the phenotypes observed upon Lac-RNAi knockdown 

in glia are replicated upon Lac-RNAi knockdown in the motor neuron. Using OK6-

GAL4 line recombined with UAS-mCD8-mCherry expression, I knocked down Lac and 

performed the crawling assay (Figure 5-36). Since mCherry was expressed by these 

larvae, Luciferase-RNAi was used as a control instead. The larval locomotor behaviour 

was altered for 3 of the 4 quantified crawling parameters for Lac-RNAi when compared 

to OK6>Control (Figure 5-36 B-E). 
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Figure 5-36 Alterations in locomotor behaviour in OK6-GAL4>Lac-RNAi larvae 

Significance levels are denoted as follows: *p < 0.05; **p < 0.01. Dunnett's Test (Holm Adjusted) p-

values are reported for all panels. A) Color-coded trajectories representing the motion of free crawling 

3rd instar larvae of different genotypes (see labels above) over time (n = 42 (OK6>Control which was 

UAS-Luciferase-RNAi), 42 (OK6>Lac-RNAi)). B-E) Larval free-crawling parameters quantification (see 

Materials and Methods Section 2.8.3). 
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5.4.10 Lac knockdown using Mdr65-GAL4 most closely replicates Repo phenotype 

Having tested various drivers, I wanted to determine which one of them most closely 

replicated the Repo-driven crawling phenotype when used for Lac-RNAi knockdown. 

I therefore pooled all data from figures 16-18 and 21 to combine the crawling assay 

results for easier visualisation purposes (Figure 5-37). Lac knockdown using Mdr65-

GAL4, the SPG driver, most closely resembles the Repo-GAL4 driven knockdown with 

regards to crawling parameters, with all four measures quantified affected significantly 

and in the same way as Repo-GAL4 driven knockdown. 
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Figure 5-37 Larval crawling parameters upon knockdown of Lac using various drivers 

Data from figures 16-18 and 21 is replotted for easier visualisation purposes. Bar graphs represent 

average log2 FoldChange of specified parameters describing larval free-crawling behaviours (see label 

above). Driver used is specified on the x axis. Statistically significant changes are highlighted in colour. 

Wilcoxon rank sum test p-values are reported (n = 44 (46F>Control), 43 (46F>Lac-RNAi), 44 

(Nrv2>Control), 40 (Nrv2>Lac-RNAi), 42 (OK6>Control), 42 (OK6>Lac-RNAi), 37 (Mdr65>Control), 41 

(Mdr65>Lac-RNAi), 132 (Repo>Control), 131 (Repo>Lac-RNAi)). See legend for genotype details. 
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Figure 5-38 Experimental measures p-values heatmap for different drivers 

Data from figures 16-18 and 21 is replotted for easier visualisation purposes and comparison. Driver 

used is specified on the x axis, experimental measure is specified on the y axis. See legend for genotype 

details. 
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5.5 Discussion 

5.5.1 Insights into molecular Lac mRNA dynamics and knockdown phenotype 

In this chapter, I set out on an in-depth exploration of Lac, a candidate gene that 

exhibited mRNA localisation in glial protrusions, as seen in Chapter 3 (Figure 3-21) 

and whose knockdown in glia resulted in altered larval locomotion, as shown in 

Chapter 4 (Figure 4-12). Thus, Lac was a promising gene to explore in-depth in the 

context of the potential importance of its mRNA localised to glial protrusions being 

involved in the structural synaptic plasticity of the neighbouring motor neuron at the 

3rd instar Drosophila NMJ. 

Although Lac has been known to be present in the genome of insects, such as the fly, 

since the 1990s, its role in Drosophila is less defined compared to mammals [204, 

205, 305]. Our understanding in mammals is also limited, primarily focusing on the 

gene's functions based on its structure and its inclusion in the IgLONs family, rather 

than specifics about the gene itself [299, 302]. Nevertheless, Single Nucleotide 

Polymorphism (SNP) analyses and animal model studies underscore its importance 

for neuronal development and morphogenesis [288, 302, 306, 307]. My research 

complements this knowledge and investigates a parallel yet underemphasised aspect 

by highlighting its importance in glial cells for correct synapse morphology and 

crawling behaviour of Drosophila larvae. 

Why does this aspect have the potential to be insightful? Since most research so far 

focused on IgLONs role as cis- or trans-synaptic adhesion molecules, the possibility 

of IgLONs interacting with glial cells in a similar manner is only recently starting to be 

explored [77, 303]. Moreover, the genesis of my research question and design was 

the localisation of the mRNA of Lac and other candidate molecules, many of them 
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connected to cell adhesion, to the glial cell periphery. It is therefore plausible that many 

disease phenotypes identified in IgLON studies, previously attributed to or explored 

as neuronal dysfunction, might at least partly arise from the glial functions of IgLONs 

instead [303]. Some of these functions may be mediated by the localisation of mRNA 

and its local translation at the glial periphery, as has been observed for other proteins 

and transcripts in neurons, astrocytes, oligodendrocytes, and radial glia [34, 48-50, 

79, 164, 280, 335, 336]. 

My results highlighted the properties of the Lac gene related to the microscopic 

localisation of its mRNA and protein at the NMJ synapse in the context of structural 

synaptic plasticity (Figure 5-9 – 14), BBB (Figure 5-14), but also to the micro- and 

macroscopic consequences of its absence caused by its glial RNAi-mediated 

knockdown (Figure 5-6 and Figure 5-13).  

An observation which I made in Chapter 3 and expanded on significantly in this chapter 

was that Lac mRNA and protein are intimately associated with some of the most 

distant and fine structures created by the glial cells present at the NMJ (Figure 5-9). 

What is unclear is whether the presence of Lac mRNA means that Lac mRNA is 

actively transported to the glial periphery and translated there. Experiments employing 

selective mutations in the Lac 3’UTR mRNA localisation sequences, combined with 

techniques like Fluorescence Assay to Detect Ribosome Interactions With mRNA 

(FLARIM), or SUperNova (SunTag) and MS2–MCP (MS2 coat protein) mRNA tagging 

could help to identify the specific Lac sequence responsible for its mRNA localisation, 

the RNA binding proteins involved in its transport, and whether Lac is locally translated 

at the glial periphery [337-339]. These experiments could also aim to determine if the 

observed effects of the absence of Lac mRNA and protein are due to its unfulfilled 
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localised function at the glial cell periphery or a broader deficiency throughout the 

entire cell. While these studies fall outside the scope of my thesis, they are currently 

being pursued by other members of the Davis laboratory. 

5.5.2 NMJ neuronal and glial area ratios in Lac-RNAi 

A key finding of this chapter was an observation initially made for Lac::YFP protein 

area and later confirmed with Repo>GFP marked glial projections areas in the context 

of structural synaptic plasticity. Lac::YFP protein area (Figure 5-10) and glial 

projections areas (Figure 5-13) decrease after spaced potassium stimulation, but 

remain unchanged when Lac is knocked down in glia. Moreover, the motor neuron 

terminal area is not affected after potassium stimulation in Repo>GFP control (Figure 

5-13) or Lac::YFP (Figure 5-10) larvae, but is significantly increased after potassium 

stimulation in Lac-RNAi NMJs. Therefore, it could be concluded that in baseline 

conditions, the glial projection area is supposed to decrease when structural synaptic 

plasticity occurs, and the neuronal area should not change, indicating that it is perhaps 

remodelled by the emergence of “ghost boutons”, but not significantly increased or 

decreased. However, in the absence of Lac, the glial projection area remains 

unchanged, and the neuronal area is increased significantly. 

Therefore, it appears that the NMJ neuronal and glial areas are dependent on one-

another and change proportionately, in equilibrium. This has been demonstrated 

before, but not directly in the context of structural synaptic plasticity and crawling 

defects [121]. It appears that if the neuronal area is unchanged upon structural 

synaptic plasticity, glial area must decrease, but if glial area cannot decrease, 

something which I hypothesise could be caused by the absence of Lac on the glial 
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membrane, neuronal projections must “accommodate” those disordered glial 

projections by expanding themselves. 

The observations from the spaced potassium stimulation experiment using Lac::YFP 

seem to support this hypothesis. None of the measures apart from the Lac::YFP area 

quantification were affected (Figure 5-10), and the Lac::YFP area was decreased post-

stimulation. Considering that neither the absolute nor the area-proportional counts of 

mRNA molecules change significantly with potassium stimulation (Figure 5-11, Figure 

5-12), it could be hypothesised that maintenance of a consistent level of Lac mRNA in 

glial cell projections, which Lac::YFP area approximates (Figure 5-3), is required for 

the maintenance of the glial to neuronal area equilibrium. Such homeostasis could be 

essential for glial cell function or response during structural synaptic plasticity, and Lac 

protein, whose area and intensity levels are also unchanged, might play a role in 

regulating the morphological changes of glial cell projections post-structural synaptic 

plasticity. Those morphological changes could include expanding the BBB to also 

cover the new axon terminal areas formed as a result of structural synaptic plasticity. 

This implies that it is not the ratio of the area of the glial to neural projections, but rather 

the level of contact between the two cells, the number of SJs, or the BBB area, that 

are tightly controlled. 

5.5.3 Importance of Lac in SPG and the BBB 

My study assessed the role of specific glial cell subtype drivers on the Lac-RNAi 

knockdown phenotype associated with the pan-glial driver, Repo-GAL4. I determined 

that Mdr65-GAL4 knockdown of Lac most closely resembled the phenotype observed 

with Repo-GAL4 (Figure 5-30, Figure 5-32, Figure 5-37, Figure 5-38), but Nrv2-GAL4 

knockdown also has measurable effects. The larval crawling assay results also 
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indicate that Lac knockdown in motor neuron affects the larval crawling behaviour, 

albeit to a lesser extent (Figure 5-36). Lac knockdown in the motor neuron causing 

behavioural issues is much more understandable in the context of mammalian 

evidence [288, 306, 307]. To further explore the role or Lac in the motor neuron, future 

research could employ various motor neuron drivers. While OK6-GAL4 is one option, 

there are other available drivers. Some of these not only target motor neurons but also 

sensory neurons, which have been identified as influencers of larval crawling 

behaviour [340, 341]. Moreover, I did not have the possibility to quantify the impact of 

OK6-GAL driven knockdown of Lac on the glial morphology. An experiment with dual 

labelling of glia and neuron followed by the NMJ morphometrics quantification could 

be designed with the use of LexA-lexAop or another similar system [342, 343].  

However, while OK6-GAL4 knockdown produced a phenotype, it was not as severe 

as that observed with the use of Mdr65-GAL4, and the use of Nrv2-GAL4 also caused 

crawling and morphological defects. Therefore, it is possible to hypothesise that the 

effects observed upon Lac knockdown using Repo-GAL4 are a compound effect of 

the absence of Lac in more than one glial cell subtype, with the main contributor being 

the BBB-forming SPG. This would suggest that the BBB glia regulate the synaptic 

transmission to a high extent.  

The idea that BBB can be involved in regulating structural synaptic plasticity is not 

new. The BBB’s main role is to maintain the neuronal microenvironment, including its 

chemical composition homeostasis which is required for proper functioning of 

structural synaptic plasticity, neuronal circuit conductivity and synaptic remodelling 

[344, 345]. It has also been documented that impaired interactions between the 

neurovascular unit (NVU), formed of different types of glia, blood vessels and neurons, 



 218 

and the BBB, play roles in astroglial dysfunction, epileptogenesis, neuroinflammation, 

ageing-related disfunction and neurodegeneration [346-349]. Though the mammalian 

BBB is formed by the epithelium, in Drosophila it is exclusively constituted by SPG, 

which could therefore be assumed to perform largely the same roles [210, 350]. 

5.5.4 Lac and its role from molecular function to larval locomotion 

What is the molecular and cellular role of Lac in mediating structural synaptic plasticity 

at the Drosophila NMJ? The NMJ glial projections of control larvae, marked with Repo-

GAL4, are simple and appear strictly targeted to specific structures like “ghost” or 

synaptic boutons. Often, they have a single molecule of Lac mRNA localised to their 

periphery (Figure 5-6). Lac::YFP protein is similarly observed in specific and limited 

locations at the synapse (Figure 5-9). In Lac-RNAi condition, the projections appeared 

chaotic and disordered, as if they cannot recognise their target structure (Figure 5-7), 

or cannot stabilise their projections, which is similar to existing evidence where Lac 

was shown to have a role in regulating cell size and cell adhesion in morphogenesis 

[204]. Could Lac-RNAi glial projections be “blind” to other structures due to the inability 

to bind them intercellularly through Lac? The examination of the Lac mRNA molecules 

in relation to the Drosophila BBB certainly seems to support such interpretation, 

indicating their localisation and concentration near SJ as marked by NrxIV::GFP, thus 

suggesting their potential roles in BBB maintenance. Furthermore, the crawling 

phenotype I observed appears as a milder manifestation of a previously noted 

phenotype from a homozygous Lac mutation [205]. In the prior case, embryos showed 

an initial phase of increased activity marked by erratic muscle contractions, 

progressing to paralysis and inability to hatch, while Repo>Lac-RNAi larvae in my 

study also appeared to be unable to move or were moving slowly and erratically. 
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Previously, this was determined to be caused by the disrupted ultrastructure of SJ in 

both CNS and PNS BBB glia. Additionally, the neuronal fibres within the neuropil (the 

CNS synaptic region) exhibited notable enlargement, which I also observed for the 

Lac-RNAi axon terminal projection after spaced potassium stimulation, a period of 

increased structural synaptic plasticity and activity.  

Based on the information presented in this chapter and the available literature, I have 

formed a hypothesis for the connection between Lac and its molecular function, glial 

morphology, and larval crawling behaviour. Lac deficiency at the periphery of NMJ 

glial cells resulting in aberrant glial cell morphology could lead to altered structural 

synaptic plasticity in motor neurons and subsequently result in aberrant locomotor 

behaviour due to disruptions in glial-neuronal communication, the BBB function and 

maintenance, altered neurotransmitter homeostasis, and changes in synaptic strength 

(Figure 5-39). 

 

Figure 5-39 Hypothesis: Lac and its role from molecular function to larval locomotion 

Hypothesised role of Lac in larval locomotion derived from its molecular function at the NMJ synapse 

and in the BBB formation. 
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According to this hypothesis, the absence of Lac in glia would prevent glial-glial cell 

homophilic binding [204, 205]. This binding would be impaired from the beginning of 

development. That would mean improper development of SJs, not only between glial 

cells at earlier developmental stages, but also between neurons and glia at later 

stages, which have before been observed in the larval CNS, considering that Lac is 

expressed in both neurons and glia [305, 351, 352]. SJs necessitate the assembly of 

multiprotein complexes between two adjacent cells. Given that Lac is a homophilic cell 

adhesion protein, it might act as a key component, or even the final piece, in ensuring 

this assembly [202]. Furthermore, Lac is suspected of being able to form heterophilic 

bonds with similar proteins based on its membership in the IgLON family, thus further 

expanding the possibility of Lac connecting different cells in different contexts, 

including that of development and synaptic plasticity [299, 302-304]. 

Assuming improper SJ assembly and altered BBB formation or maintenance caused 

by Lac absence, impaired ion and neurotransmitter homeostasis would be the basis 

of affected synaptic transmission, not only at the NMJ, but also throughout the nervous 

system. At this point, it would be hard to directly determine the cause of the impaired 

transmission at the NMJ alone, considering the vast synaptic circuitry which 

contributes to crawling behaviour [341]. Overall, uncontrolled ion flow if the BBB does 

not operate properly would impact both the glial and neuronal function, possibly 

causing uncontrolled release of neurotransmitters and gliotransmitters, thus affecting 

the synaptic strength, modulation, and, as a result, synaptic plasticity. The beta 

subunits of Drosophila Na/K ATPase (nrv2 and ATPα, whose mRNAs were also 

present on the original glial protrusion-localised transcript list), are important for 

maintenance of the correct ion concentrations inside and outside neurons; they, too, 
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are required for correct SJ formation, further supporting this hypothesis [214, 222, 

353]. 

Altogether, I provided evidence in favour of certain aspects of this hypothesis, but a 

more comprehensive investigation is needed to fully explain the role of Lac in structural 

synaptic plasticity at the Drosophila NMJ. Specifically, additional experiments should 

focus on the ultrastructure of SJs, BBB permeability, variations in ion, gliotransmitter, 

and neurotransmitter levels, as well as the potential homophilic or heterophilic binding 

of Lac. Identification of any potential IgLON-like binding partners of Lac or evidence of 

Lac mRNA transport and translation in response to synaptic activity could further 

explain the molecular basis of the phenotypes which I observed. Furthermore, the role 

of Lac mRNA and its absence in the synapse maturation process would have to be 

explored, as the decreased emergence of “ghost boutons” observed upon Lac RNAi-

mediated knockdown only points to active zone formation impairment, not synapse 

maturation impairment. Investigating these detailed questions is beyond the scope of 

my thesis, but it would allow the deepening of the understanding of glia, mRNA, and 

structural synaptic plasticity in both health and disease. 
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6 Discussion 

6.1 Background 

The molecular basis of learning and memory is one of the greatest mysteries of 

modern biology. Much of the neuroscientific research of the second half of the 20th 

century has focused on trying to understand these phenomena, with the specific roles 

of specialised nervous system cells and their molecular, cellular and physiological 

interplay being explored in great detail. Particularly, numerous significant studies 

started drawing attention to the astounding breadth of contacts made by neurons, but 

also glial cells like astrocytes and oligodendrocytes [73, 354]. These cells are 

extremely polarised and create fine projections to achieve distal local regulation and 

specificity, often through mRNA localisation, enabling localised protein production 

[355]. In neurons, it is well documented that regional specialisations are often achieved 

via protein sorting or mRNA transport coupled with localised translation [151, 154, 

356-358]. Yet, this type of regulation is only starting to be explored in glial cells, which 

have been side-lined in research and considered passive for years [1, 34, 74]. The 

identification of glial cells as components of tripartite synapses in the 1990s spurred 

heightened interest in their functions within the nervous system. This led to significant 

findings about glial involvement in regulating essential neuronal functions such as 

synaptic plasticity and neurotransmitter homeostasis, as well as their distinct roles 

apart from neurons [13, 17, 18, 33, 359]. Additionally, research is delving into the role 

of glia in mRNA localisation, especially in their fine processes that interact with 

synapses. Studies have shown that fear conditioning modifies the transcriptome, 

translatome, and proteome of these peripheral processes [34, 45, 46, 53, 74]. Previous 

studies in our laboratory suggested that numerous transcripts might be localised to 
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the periphery of glial cells extending to the NMJ of the Drosophila 3rd instar wandering 

larvae [181]. This raises several questions: Are these transcripts truly present in the 

NMJ glia? What is their role at the NMJ? Are they vital for the structural synaptic 

plasticity of the NMJ? Consequently, I began exploring the answers to these 

questions. 

6.2 mRNA is localised to the glial projections of the Drosophila 3rd instar 

NMJ 

In Chapter 3, I performed smFISH on YFP trap lines of the nineteen candidate genes 

suggested as promising candidates with glial localisation of their mRNA. I confirmed 

that all genes had mRNA localised within the boundary of the glial labelling at the NMJ 

using Repo-GAL4 pan-glial driver [155, 329]. Many of these genes code for proteins 

whose functions pertain to cell junction formation and cell-cell adhesion [201-206, 208, 

360]. The presence of their mRNAs might suggest a requirement for localised 

translation, facilitating glial cell functions associated with adhesion and membrane 

reshaping. 

Not all the candidate genes showed protein expression at the NMJ. I excluded one of 

the candidate genes, ORMDL, based on the observation that it did not have any 

protein expression and an extremely high mRNA expression by designing a probe 

against its gene sequence and comparing its localisation with the YFP exon 

localisation, and observing that they did not match. I further explored the ORMDL::YFP 

trap by performing a RT-PCR experiment and determining that YFP sequence is 

present, but most likely not where it is stated it is on FlyBase and in the original 

publication [361]. 
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For the remaining eighteen genes, I observed widely varying numbers of mRNA 

molecules in the NMJ perisynaptic glia, ranging from one or two to tens. For several 

genes, like nrv2, Gli, Flo2, Atpα, Lac, cold, CG42342 and sdk, the mRNA appeared to 

be mostly inside the glial membrane, while for other genes it was also abundantly 

present in the surrounding muscle cells. Gs2 stood out as an interesting example 

because of the localisation of its mRNA to “glial boutons”, or regions showing glial 

labelling that were distinct and separate from the axon terminal boutons. Therefore, I 

moved on with the exploration of eighteen genes that I wanted to investigate further to 

begin understanding the functional implications of the localisation of their mRNA within 

the NMJ glia. 

6.3 Glial localised mRNAs knockdown affects structural synaptic plasticity 

In Chapter 4, I then asked how RNAi-mediated knockdown of the candidate genes 

affects the overall development and NMJ morphology of unstimulated and stimulated 

Drosophila 3rd instar wandering larvae. Knocking down the candidate glial protrusion-

localised transcripts in all glial cells, I noted larval or adult lethality for 5 of the 

transcripts. Many also showed NMJ morphology changes, both before and after 

potassium stimulation. Overall, these findings reinforce the notion that the candidate 

glial protrusion-localised transcripts, for which phenotypes were noted, have crucial 

but diverse roles in the proper development of glial cells. Consequently, these roles 

directly and indirectly affect the functions these cells perform during development and 

plasticity, both in the CNS and PNS. 

Some of the notable observations made in this chapter included a phenotype observed 

upon Vha55-RNAi knockdown that, to my knowledge, has not been reported before 

[248]. This manifested as a significant reduction in the size of the larval brain 
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hemispheres. Lac and cold knockdowns also had effects on the larval brain anatomy. 

While the elongated VNC phenotype following knockdown has been documented 

before, it had not been previously associated with these two genes [277-279]. Notable 

NMJ morphology phenotypes emerged, too, with Lac-RNAi NMJ glial projections 

being markedly expanded and hypermorphic when compared to control, while shot-

RNAi glial projections appeared non-existent. 

I then performed spaced potassium stimulation, a widely recognised assay used to 

induce the rapid formation of new synaptic boutons, known as “ghost boutons”. This 

method therefore facilitates the measurement of activity-induced structural synaptic 

plasticity by quantifying the emergence of these structures [191, 197, 273, 333]. 

Having quantified the “ghost bouton” counts, I established that they increased for two 

transcripts (Pdi, CG1648) and decreased for two (CG42342, Lac) when compared to 

their respective controls. Therefore, I demonstrated that knocking down these 

candidate protrusion-localised transcripts in the perisynaptic glial cells affects the 

structural synaptic plasticity in the neighbouring neuron. This observation underscores 

the complex interplay between glial cells and neuronal structural synaptic plasticity, 

emphasizing the fundamental role of glia in supporting neuronal function. 

By employing a crawling assay to evaluate larval locomotor behaviour, I found that the 

Lac-RNAi larvae exhibited significantly reduced crawling. In contrast, other larvae 

where glial protrusion-localised transcripts had been knocked down and had 

previously shown “ghost bouton” phenotypes displayed normal crawling behaviour. I 

thus correlated the observed brain anatomy and NMJ morphology abnormalities with 

an observable behavioural phenotype, this being compromised crawling. 
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Consequently, I chose to concentrate on Lac and investigate further the effects of 

knocking down its mRNA in glial protrusions on both glia and neurons at the NMJ. 

6.4 Lac is important in SPG and BBB 

In Chapter 5, I presented the confirmation that the Lac-RNAi knockdown line, as well 

as the Lac::YFP trap previously used, target Lac specifically, and that Lac exon, not 

intron, is present in the Lac mRNA found at the NMJ. I next examined the localisation 

of Lac mRNA and protein at the NMJ extensively. I confirmed that the Lac::YFP protein 

almost entirely fills the glial projections, forms structures that resemble fine filaments, 

and is expressed in close proximity to both “ghost boutons” and mature boutons of the 

motor neuron. Additionally, Lac::YFP mRNA is often found at the outermost edges of 

the glial projections.  

I next asked: what happens to Lac protein and mRNA when the NMJ undergoes 

structural synaptic plasticity? I used the spaced potassium stimulation paradigm again 

and determined that the intensity of the Lac protein and the number of mRNA 

molecules remain unaffected by this assay. However, the area covered by Lac::YFP 

diminishes, mirroring the reduction seen in glial projections as marked by Repo-GAL4 

driving a membrane-targeted GFP. This suggests that, in the wild type, glial 

projections should shrink as a result of structural synaptic plasticity. Moreover, the 

proportion of Lac mRNA molecules in the BBB area (as marked by NrxIV::GFP) to the 

proportion of Lac mRNA molecules in motor neuron axon projection area is higher 

than the proportion of the areas themselves [202, 325, 360]. Lac mRNA, therefore ,is 

preferentially localised in the BBB at the NMJ. 
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I finally determined that Mdr65-GAL4 driven knockdown of Lac most closely resembles 

the crawling phenotype elicited upon Repo-GAL4 driven knockdown, but Nrv2-GAL4 

and OK6-GAL4 also affect the larval crawling and, in the case of Nrv2-GAL4, the NMJ 

morphology. Based on my results and existing literature, I then formulated a 

hypothesis regarding the link between Lac, its molecular function, glial morphology, 

and larval crawling behaviour. A deficiency of Lac at the peripheral regions of NMJ 

glial cells could lead to incorrect formation or potentially complete absence of SJs 

[204, 205]. This disruption could cause compromised glial-glial and glial-neuronal 

communication due to the lack of homophilic and speculated heterophilic adhesion 

through Lac, resulting in impacted BBB functionality and maintenance. Imbalanced 

neurotransmitter homeostasis and variations in synaptic strength stemming from BBB 

impairment might, in turn, influence synaptic plasticity in motor neurons, potentially 

causing deviations in locomotor behaviour [114, 325, 344, 347, 348]. 

6.5 Limitations 

6.5.1 Chapter 3 limitations 

Instead of directly detecting the sequence of the target gene, the mRNA was detected 

using a YFP probe, identifying the YFP sequence inserted into the gene sequence. A 

case in point is the ORMDL gene, where the α-YFP probe failed to detect the intended 

protein. While the insertions in the remaining genes seemed correct, I cannot assert 

with confidence that none were similar to ORMDL, and thus I explored the mRNA 

localisation of some other gene than reported. Notably, that should not be the case for 

Lac, whose YFP and exon probe co-localisation were confirmed in Chapter 5. 

Furthermore, some of the YFP traps are heterozygous, hence only half of the mRNA 

molecules might be visualised. This could potentially skew the perceived quantity, 
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though the primary focus of Chapter 3 was on presence in glia. Finally, the analysis of 

presence was restricted to the periphery of the glial cell, not its entirety. The 

assessment of mRNA in projections was qualitative and performed in 2D. Given that 

the projection and cell are volumetric, a 3D assessment would be beneficial, 

particularly for the mRNAs where only a few molecules were detected. 

6.5.2 Chapter 4 limitations 

The driver employed, Repo-GAL4, was pan-glial, thus driving expression of Lac-RNAi 

in all larval glia. This raises questions about whether an NMJ phenotype is directly 

caused by the lack of mRNA localisation and protein presence specifically at the glial 

periphery at the NMJ, or if it is a secondary effect stemming from prior improper 

development caused by the knockdown, which might have impacted other glial cells, 

such as those in the CNS. Another limitation is that the RNAi lines may inadvertently 

target unintended genes, as I have not verified this for every line used, but only for 

Lac-RNAi line.  

Furthermore, the spaced potassium stimulation protocol does not measure 

synaptogenesis, but immature synapse formation, as quantified by the emergence of 

“ghost boutons”. Synapse maturation experiments would have to be performed to 

understand the detailed role of the candidate transcript knockdown in glia on both the 

active zone formation, but also synapse maturation. Additionally, the spaced 

potassium stimulation protocol showed significant variability during my experiments. 

Observing a fluctuation in “ghost bouton” numbers from a given experiment does not 

guarantee, in my experience, that I have captured all potential phenotypes for various 

genes. Similarly, area quantifications might be affected by variability in selecting 3rd 
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instar larvae. That said, I supplemented my observations with the crawling assay, 

which increased my confidence when selecting Lac as the gene to focus on. 

Finally, in Chapter 4, knockdown of several transcripts resulted in intriguing 

phenotypes. However, due to time constraints and limited resources, with me being 

the primary researcher, not all were explored in depth. For example, the Vha55-RNAi 

brain phenotype has yet to be fully investigated.  

6.5.3 Chapter 5 Limitations 

The quantification from the Lac::YFP spaced potassium stimulation experiment does 

not conclusively reflect variations in Lac translation or protein synthesis. When using 

a confocal microscope, subtle changes in signal intensity due to variations in 

translation might go undetected. Employing super-resolution microscopy would 

provide a more definitive assessment of such changes. Moreover, the mere 

consistency of mRNA levels does not preclude altered mRNA transport and translation 

dynamics. To genuinely observe if mRNA transport and translation occurs, one could 

use experiments employing techniques like MS2-MCP tagging to track mRNA 

transport live, and SunTag or FLARIM to detect translation [338, 339, 362]. Similarly, 

the association of Lac mRNA molecules with the BBB area does not inherently signify 

their higher concentration near on in these structures, especially since these areas 

were observed in 2D. Super-resolution microscopy could, again, demonstrate how 

close those molecules are to the BBB. 

When I tried to explore the possibility that the mRNA binding protein Imp transports 

Lac mRNA, I observed that Imp-RNAi knockdown in glia abolishes glial NMJ 

projections. This in itself is an interesting phenotype worth exploring, but I did not have 

an opportunity and time to do that. Similar limitation applies to the observation that Lac 
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exon, and not intron, is present at the glial periphery. Assuming Lac mRNA transport 

to the periphery leads to its translation, based on the fact that mature mRNA and not 

pre-mRNA is transported to the periphery, it would be worth exploring whether 

ribosomes are present at the glial cell periphery, and if there is scope for any newly 

translated protein to acquire post-translational modifications at the periphery, 

something which I did not have the opportunity to do. 

Glial subtype experiments and the phenotypes which I observed had their own set of 

challenges. The strength of drivers might differ, and some glial drivers might influence 

glial subtypes other than their intended targets [111]. Simultaneously, both for Repo-

GAL4 and the glial subtype specific drivers, Lac was knocked down since hatching, 

which means developmental defects cannot be differentiated from structural synaptic 

plasticity defects. This is something which has been discussed both in the context of 

Chapter 4 and Chapter 5 experiments, though other Davis lab members have now 

performed temperature sensitive knockdown of Lac, confirming that the phenotype 

was much milder, thus suggesting the predominantly developmental nature of the 

observed defects (Dominika Syska, Davis lab, unpublished). Yet, to explore purely 

structural synaptic plasticity related effects purely related to the NMJ, one would have 

to design a complex experiment to impede the mRNA transport by 3’UTR or motor 

protein manipulations, preferably in a temperature-sensitive manner, something which 

I did not have the opportunity to do. Finally, in my hypothesis about Lac function, I tried 

to link the crawling phenotype observed to the observed NMJ morphology, but I 

established in Chapter 4 that Lac-RNAi larval brain anatomy is also affected. Thus, it 

might be that NMJ morphology and physiology are not the only causes of the observed 

crawling defects, and brain circuitry related to crawling behaviours is also affected 

[341]. Moreover, the same limitation mentioned in Chapter 4 limitations section (6.5.2) 
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applies to the spaced potassium stimulation experiments employed in this chapter, in 

that they measure active zones formation, not synaptogenesis, and thus conclusions 

cannot be drawn directly in relation to the synapse maturation process with regards to 

Lac RNAi knockdown. 

To summarise, in addressing these limitations, I approach them with a problem-solving 

mindset for future studies, some already underway in our laboratory. This will aid in 

refining experimental protocols and generating more conclusive results. I would like to 

expand on the promising future experimental avenues next. 

6.6 Future directions 

Throughout my experiments, I have explored questions surrounding the role of glial 

cells in structural synaptic plasticity. Nevertheless, several queries remain, and 

numerous interesting experiments can be designed based on the research described 

in this study. Many more of the candidate transcripts I explored in Chapter 4 merit in-

depth studies. Investigating the other SJ proteins which I worked on, like Nrv2, Gli, 

Atpα, cold and Nrg, could be the starting point, especially considering their potential 

as IgLON-like partners for Lac. Examining heterophilic adhesion between these 

proteins and Lac, or their own homophilic adhesion, would be a good approach. A 

similar idea has been explored by Strigini et al. before, based on their exploration of 

Gli [205]. Even though they did not find any evidence supporting Gli binding Lac, they 

noted that Gli is a type of electrotactin, much like Drosophila Neurotactin (Nrt) and 

vertebrate Neuroligins. Since Nrt has been identified to facilitate different types of cell 

adhesion with Amalgam, and Amalgam has a significant resemblance in its amino acid 

sequence to Lac, exploring the potential interactions of other electrotactins with Lac 

could be worthwhile [205, 299, 303, 305, 363-365]. 
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My research also merits further exploration of brain phenotypes, particularly the 

extended VNC phenotype seen in Lac-RNAi and cold-RNAi. Since it is a documented 

phenomenon, understanding its correlation with cellular size adjustment, akin to the 

tracheal system, would further clarify the molecular role of Lac in the development of 

these two seemingly unrelated anatomical structures [204, 277-279]. The absence of 

glial projections at the NMJ in shot-RNAi, given the role of shot as a cytoskeletal linker, 

similarly warrants further exploration. Assessing actin and microtubule differences in 

control versus shot-RNAi or shot mutant NMJ would be a starting point to understand 

the cause of this glial phenotype. 

For Lac-specific investigations, I would proceed with previously mentioned 

experiments, including the attempt to identify the mRNA localisation signal sequences 

in Lac 3’ or 5’UTR. A particularly promising experiment aiming to address this, which 

I considered and designed, but was unable to execute, is currently being undertaken 

by a lab colleague. In it, GFP replaces the Lac sequence and such construct is placed 

under UAS control for selective expression in glial cells, potentially illuminating the Lac 

mRNA localisation signal within 3’UTR or 5’UTR (Figure 6-1). Beyond this, 

electrophysiology assessments on Lac knockdown or mutant could help to gauge the 

impact of the absence of Lac on synaptic potentiation. Super-resolution imaging of 

SJs in Lac knockdown or mutant can also provide insights into the Lac mRNA's 

position or SJ ultrastructure impairment in the absence of Lac. 
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.  

Figure 6-1 Suggested future experiment to test Lac mRNA localisation signal 

An example of an experimental design to test the role of Lac 3’UTR and 5’UTR mutations on the mRNA 

localisation. Lac is replaced with GFP sequence to be able to verify the protein presence at cell 

periphery. The construct is placed under UAS control for selective expression in glial cells under the 

control of a given driver. The top construct is used to determine whether such construct is stable, 

something which can also be confirmed using qPCR against GFP sequence. The middle and bottom 

constructs are schematic representations of numerous constructs which could then be designed to be 

compared to the top construct in their mRNA and GFP signal location. If one of the mutants affects the 

localisation sequence, it should not be localised to the same regions as the control - top construct. 

Though a representation, this schematic shows how Lac mRNA localisation sequence could be 

determined experimentally. An extended version of this experiment is already underway in our 

laboratory. 

Lastly, to study whether Lac is transported upon spaced potassium stimulation, the 

assay could be followed by imaging of MS2-MCP tagged Lac transcripts. Finally, using 

FLARIM, which is a technique that adapts smFISH and fluorescent labelling to detect 

interactions between ribosomes and mRNA of interest, could clarify whether Lac is 

locally translated at the NMJ. If it was detected that translation occurs, the molecular 

machinery present at the glial cell periphery to facilitate that could be explored to 

provide a fine-scale view of translation dynamics. 
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Often in research, broad questions lead to specialised niches; my journey took me into 

the specific domain of Drosophila BBB, SJs, localised mRNA and their importance in 

the structural synaptic plasticity of the NMJ. These are not the only important aspects 

of glial biology relevant to synaptic plasticity, and more questions remain to be 

answered. How consistent and widespread is the interaction between glia and 

synapses? It is known that astrocytes and PSCs are members of tripartite synapses, 

but what about other glial cell subtypes? Beyond homeostasis and the regulation of 

ions, neurotransmitters, and gliotransmitters, do glial cells actively transmit signals? 

While calcium waves in glia are well-documented, their potential to send electrical 

signals remains a topic for exploration [13, 30, 33, 96-98, 366]. Do glial cells have 

distinct subpopulations which release specific sets of gliotransmitters or ions, much 

like neurons? Naturally, we are aware of distinct glial cell subtypes, like among 

astrocytes, but it is also known that not all astrocytes perform the same functions. The 

extent of their specialisation could be a fascinating topic of exploration. 

The mRNA localisation and local translation in glial cells fit well into these 

considerations, and those topics are also in their infancy, with more progress being 

made in recent years. The open questions which remain are: Do the molecular 

mechanisms governing mRNA localisation in various glial types mirror those seen in 

oligodendrocytes, described in the Introduction chapter (Figure 1-5), or do they differ? 

If they differ, how? And would such mechanisms be conserved between species, for 

example between invertebrates like Drosophila and humans? Furthermore, can these 

mechanisms or the types of localised mRNAs be disrupted themselves in 

neurodegenerative and neuropsychiatric conditions? The simplicity of Drosophila 

makes it an ideal model for such investigations, offering a clearer view of individual 
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glial cell projections, ease of dissection and live imaging, and a plethora of genetic and 

neuroscientific tools at the researcher’s disposal.  
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Appendix 

A 
Table A-1 The sequences of primers used in the ORMDL::YFP RT-PCR experiment 

Venus YFP Forward Primer ACGTAAACGGCCACAAGTTC 
Venus YFP Reverse Primer GTCCATGCCGAGAGTGATCC 
ORMDL Forward Primer CGCGGTCACATTGAGCGTAA 
ORMDL Reverse Primer GGCCCATGGAATGCTAACGA 
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B 
Table B-1 smFISH probe sequences 

YFP exon ORMDL exon Lac exon Lac intron 
cggtgaacagctcctcgc ctcaatgtgaccgcgcat gatactcggccgccacat gtgagtcacggtcactca 
cagctcgaccaggatggg gttaacctttggttccga ggtgctccacacgcaatt agcatttgcacttgtccg 
ctgaacttgtggccgttt tggacgtcatgtggctga gcacaaaaatggccagga ccgggaattaagctggct 
ttgccgtaggtggcatcg ggagctgtttggattcgc ttcgctgtgctagcgttt gccgaagctgatagctga 
gtggtgcagatcagcttc caaaatccccgggcactc cctgcgtgatgtaggata gcacgcctggtttttatt 
agggtggtcacgagggtg gcccaggaggtatgctag cgccgatatccttgatct cgtggagcgtatccaact 
aagcactgcaggccgtag agaagagcaggtgcaccg cggagcaatcgaactcca tgtgctgtttgcctaagc 
atgtggtcggggtagcgg ggcccatggaatgctaac tgtactctttggcatact tttgactcggctcgttgg 
ttgaagaagtcgtgctgc gaagcaggttggtagccg ccgtcttcaggaacagca gtacacctctatgtcctc 
acgtagccttcgggcatg tacaggtgggctgcattg agaggaagacgggatcgc gcacaaaggctgtgcagt 
aagaagatggtgcgctcc cccttgatgacgtgcaga gatgaccagcgtggagcc tgcggaagcaattgcgcg 
tcttgtagttgccgtcgt atcgttctccgtgctcag cagcgagaagcgcgaatc ggtccgtggaacgttttc 
tcgaacttcacctcggcg ttcccagtgcgtccaacg ggacgagttgggatcgta cgtttttgcacgggttgt 
atgcggttcaccagggtg tgtaccccgtcatcgatc cttgatctgcagcttgta aaaagcccagaccgtgtc 
gaagtcgatgcccttcag cttgcgcgttgtggtcat cgcgtccgtctcctgaat ttccacctctgagtttca 
caggatgttgccgtcctc tgggaacagctgtgagga accacctggcaggtgtag ctcaggatccctttgttt 
gttgtactccagcttgtg tcgggtgtacagacaggt gctcactttgtgaacggt tgggcatagaagggctcg 
atagacgttgtggctgtt gggataaagtgttccgtg caccgatagcttcacttc gatgggatcaggggttgt 
cgttcttctgcttgtcgg tgacgaccaccagggata cgagatgacggggggacg tgggcgggacgaaatgcg 
tcttgaagttggccttga tggaactgcggcagcttg caccgactgcgtggagtt taggggttcctcaatggg 
cgtcctcgatgttgtggc atgttgaacagccgcacg tccatctggacctcgctg tcaacaccccgaatacca 
tgttctgctggtagtggt acaggagctagtacttgt ggatagccgctggcgtag cagctatgagccatctct 
ttgtcgggcagcagcacg ataaatgcggcccgttct ctccaggtgatggtgggt cgttgctttctttgcagc 
ggactggtagctcaggta ttgagcaagagctgtgcc ggcagaatggcattgttc cggaacaacaatgcccca 
gttggggtctttgctcag ctcaatgtgaccgcgcat ccacataggtggcactat ttcagacaccccgaagtg 
gaccatgtgatcgcgctt gttaacctttggttccga ctgacttgatgcgcaggg cctgtggcatctgaggaa 
ggcggtcacgaactccag tggacgtcatgtggctga agtagtaggtgccgcgat ttctcgttttgccttcga 
tccatgccgagagtgatc ggagctgtttggattcgc cttgctcactccattgtc ctacgtcatcgccgttta 
 caaaatccccgggcactc cacgttgatattgcgcct cccagcaaccaacattca 
 gcccaggaggtatgctag atcactggtgcgaactcc cccatgaaatggccatgt 
 agaagagcaggtgcaccg tgtcccaaacgaggacgc ggaatggcctcatggaca 
 ggcccatggaatgctaac ccaagtccatgtcgtact ttgtgagccgagtaccta 
 gaagcaggttggtagccg gataggcctcaatgtggc cccttctcgagtagtaca 
 tacaggtgggctgcattg ccttggtccacacaatgg agacaaggccacagacgc 
 cccttgatgacgtgcaga ttgttggccagctggatg caagccacccacaattca 
 atcgttctccgtgctcag tgcgagatgctgtagtgc tgtggagcggggaaaggg 
 ttcccagtgcgtccaacg gtatactcgtcggcggtg atttgtctcctcttcctg 
 tgtaccccgtcatcgatc atcacacggagcgtcgag atccagtttggtttggca 
  tactggcgcttctcaacg gcgggtgcgcttttaatg 
  gccttgcacacataatct caaccacccaaaagggct 
  gcctctccaaagcgattg gtgcaggtagataggtcc 
  aagagattgacgcgcgcc ctaacgcaacaccccttg 
  gtgggcacacgggaatga tgatgatgctgcgtccat 
  atgtacgcctgtccacag atgccaaccatcatccat 
  gaagtggcggacacatcc ttccctaacgtgctgttt 
  caggatgcccacaagagc tctcattctccgcttgta 
  tctggcgaagagcaacgc gagcgaatacagctgcca 
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C 
Figure C-1 Violin and dot-plots containing raw data of glial protrusion and neurite areas upon 

knockdown of glial protrusion-localised transcripts when compared to unstimulated control 

Next page: violin plots with accompanying raw data presenting the NMJ results quantification for RNAi 

knockdown of candidate transcripts in glia. See genotype above each plot and legend for details. Raw 

data is plotted as black dots. Point range (orange) indicates the mean ± SEM. Significance levels are 

denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Figure C-2 Violin and dot-plots containing raw data of glial protrusion and neurite protrusion 

area ratios upon knockdown of glial protrusion-localised transcripts when compared to 

unstimulated control  

Next page: violin plots with accompanying raw data presenting the NMJ results quantification for RNAi 

knockdown of candidate transcripts in glia. See genotype above each plot and legend for details. Raw 

data is plotted as black dots. Point range (cyan) indicates the mean ± SEM. Significance levels are 

denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. 
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Table C-1 Summary statistics for glial and neurite area and their ratios 

Measurement RNAi target p control n RNAi n RNAi mean control mean Foldchange 
Glial area Atpα N.S. 29 30 122.780567 118.748207 1.03395723 
Neurite area Atpα N.S. 29 30 503.811133 562.277862 0.89601809 
Ratio Glial/Neurite Atpα N.S. 29 30 0.2386353 0.20926125 1.14037023 
Glial area CG1648 * < 0.05 30 29 117.141483 79.4147333 1.47505983 
Neurite area CG1648 N.S. 30 29 415.068172 417.509933 0.99415161 
Ratio Glial/Neurite CG1648 *** < 0.001 30 29 0.2703896 0.17721365 1.52578314 
Glial area CG42342 N.S. 28 30 111.323133 112.205464 0.99213647 
Neurite area CG42342 N.S. 28 30 490.693533 556.423821 0.8818701 
Ratio Glial/Neurite CG42342 N.S. 28 30 0.22066552 0.19364235 1.13955194 
Glial area cold N.S. 37 29 79.2400345 82.7811351 0.95722334 
Neurite area cold * < 0.05 37 29 406.218345 487.031 0.83407082 
Ratio Glial/Neurite cold N.S. 37 29 0.18298526 0.16198966 1.12961078 
Glial area Flo2 ** < 0.01 30 30 134.0072 79.4147333 1.68743499 
Neurite area Flo2 N.S. 30 30 490.3435 417.509933 1.17444751 
Ratio Glial/Neurite Flo2 ** < 0.01 30 30 0.25835289 0.17721365 1.45786113 
Glial area Gli N.S. 30 28 100.388821 112.231667 0.89447858 
Neurite area Gli N.S. 30 28 421.878071 457.349233 0.92244185 
Ratio Glial/Neurite Gli N.S. 30 28 0.2309974 0.24538726 0.94135855 
Glial area Gs2 ** < 0.01 29 30 143.748667 101.753724 1.4127116 
Neurite area Gs2 N.S. 29 30 477.0776 474.741448 1.00492089 
Ratio Glial/Neurite Gs2 *** < 0.001 29 30 0.30249693 0.20935829 1.44487678 
Glial area kst N.S. 29 29 121.328931 102.007379 1.18941327 
Neurite area kst *** < 0.001 29 29 587.651103 440.957414 1.33267088 
Ratio Glial/Neurite kst N.S. 29 29 0.20108743 0.22202905 0.90568069 
Glial area Lac ** < 0.01 30 33 293.135152 152.709667 1.91955858 
Neurite area Lac N.S. 30 33 528.816394 527.990133 1.00156492 
Ratio Glial/Neurite Lac **** < 0.0001 30 33 0.50495065 0.26516741 1.90427115 
Glial area lost N.S. 29 30 113.5727 102.007379 1.11337729 
Neurite area lost N.S. 29 30 451.3791 440.957414 1.02363422 
Ratio Glial/Neurite lost N.S. 29 30 0.24684059 0.22202905 1.11174903 
Glial area Nrg N.S. 29 23 86.8262174 102.007379 0.85117585 
Neurite area Nrg N.S. 29 23 515.694391 440.957414 1.16948797 
Ratio Glial/Neurite Nrg * < 0.05 29 23 0.14926781 0.22202905 0.67228954 
Glial area nrv2 N.S. 29 28 104.778643 102.007379 1.02716729 
Neurite area nrv2 N.S. 29 28 435.200179 440.957414 0.98694378 
Ratio Glial/Neurite nrv2 N.S. 29 28 0.22049061 0.22202905 0.993071 
Glial area α-Cat N.S. 30 28 129.531286 112.231667 1.15414205 
Neurite area α-Cat N.S. 30 28 438.190536 457.349233 0.95810926 
Ratio Glial/Neurite α-Cat N.S. 30 28 0.28802281 0.24538726 1.17374799 
Glial area Pdi N.S. 29 28 92.4456071 102.007379 0.90626392 
Neurite area Pdi N.S. 29 28 434.129714 440.957414 0.98451619 
Ratio Glial/Neurite Pdi N.S. 29 28 0.20904506 0.22202905 0.94152119 
Glial area sdk N.S. 29 30 144.020633 102.007379 1.41186485 
Neurite area sdk * < 0.05 29 30 525.337633 440.957414 1.19135685 
Ratio Glial/Neurite sdk N.S. 29 30 0.26754263 0.22202905 1.20498929 
Glial area shot ** < 0.01 37 27 47.9187778 82.7811351 0.57886109 
Neurite area shot N.S. 37 27 452.000741 487.031 0.92807386 
Ratio Glial/Neurite shot *** < 0.001 37 27 0.10310839 0.16198966 0.63651219 
Glial area Vha55 N.S. 30 23 67.1933478 79.4147333 0.84610682 
Neurite area Vha55 N.S. 30 23 496.064087 417.509933 1.18814918 
Ratio Glial/Neurite Vha55 N.S. 30 23 0.13876663 0.17721365 0.7830471 
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D 
Figure D-1 Violin and dot-plots containing raw data of glial protrusion and neurite areas upon 

knockdown of glial protrusion-localised transcripts after stimulation 

Next page: Violin plots with accompanying raw data presenting the NMJ results quantification for RNAi 

knockdown of candidate transcripts in glia after spaced potassium stimulation. See genotype above 

each plot and legend for details. Raw data is plotted as black dots. Point range (orange) indicates the 

mean ± SEM. Significance levels are denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001. 
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Figure D-2 Violin and dot-plots containing raw data of glial protrusion and neurite protrusion 

area ratios upon knockdown of glial protrusion-localised transcripts after stimulation 

Next page: Violin plots with accompanying raw data presenting the NMJ results quantification for RNAi 

knockdown of candidate transcripts in glia after spaced potassium stimulation. See genotype above 

each plot and legend for details. Raw data is plotted as black dots. Point range (cyan) indicates the 

mean ± SEM. Significance levels are denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 

0.0001. 
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Table D-1 Summary statistics for glial and neurite area and their ratios after stimulation 

Measurement RNAi target p control n RNAi n RNAi mean control mean Foldchange 
Glial area α-Cat * < 0.05 29 30 105.5822 76.3654138 1.38259187 
Neurite area α-Cat **** < 0.0001 29 30 520.169333 345.854379 1.50401257 
Ratio Glial/Neurite α-Cat N.S. 29 30 0.19858018 0.21319387 0.9314535 
Glial area Atpα N.S. 30 30 121.338567 113.8816 1.06548 
Neurite area Atpα N.S. 30 30 494.632133 494.5497 1.00016668 
Ratio Glial/Neurite Atpα N.S. 30 30 0.23990171 0.22095308 1.08575859 
Glial area CG1648 * < 0.05 30 29 140.288207 102.669367 1.36640764 
Neurite area CG1648 * < 0.05 30 29 496.750345 425.282433 1.16804812 
Ratio Glial/Neurite CG1648 N.S. 30 29 0.28111762 0.246236 1.14165931 
Glial area CG42342 N.S. 92 71 73.6225775 67.60375 1.08903097 
Neurite area CG42342 N.S. 92 71 314.865028 339.48325 0.92748325 
Ratio Glial/Neurite CG42342 N.S. 92 71 0.22294116 0.18912138 1.17882577 
Glial area cold N.S. 82 81 67.3065062 74.0356951 0.90910886 
Neurite area cold N.S. 82 81 378.289284 372.99 1.01420758 
Ratio Glial/Neurite cold N.S. 82 81 0.16859239 0.19065006 0.88430288 
Glial area Flo2 N.S. 58 58 121.559121 107.031155 1.13573586 
Neurite area Flo2 * < 0.05 58 58 485.50531 420.053414 1.15581803 
Ratio Glial/Neurite Flo2 N.S. 58 58 0.25387414 0.25170565 1.00861521 
Glial area Gli N.S. 30 30 93.8198 96.2835 0.97441202 
Neurite area Gli N.S. 30 30 381.144067 398.7545 0.9558364 
Ratio Glial/Neurite Gli N.S. 30 30 0.24716696 0.22931514 1.07784843 
Glial area Gs2 N.S. 30 29 140.104862 113.8259 1.23086979 
Neurite area Gs2 N.S. 30 29 469.846862 433.254233 1.08445995 
Ratio Glial/Neurite Gs2 N.S. 30 29 0.30854951 0.26708577 1.15524503 
Glial area kst N.S. 30 30 81.5034333 88.4618667 0.92133974 
Neurite area kst N.S. 30 30 432.572733 407.270233 1.06212705 
Ratio Glial/Neurite kst N.S. 30 30 0.18445957 0.21203757 0.86993813 
Glial area Lac * < 0.05 43 46 144.341065 95.1815349 1.5164818 
Neurite area Lac N.S. 43 46 349.304913 338.956535 1.0305301 
Ratio Glial/Neurite Lac *** < 0.001 43 46 0.37743706 0.23969659 1.57464508 
Glial area lost N.S. 30 28 90.1303214 66.4762667 1.35582706 
Neurite area lost N.S. 30 28 393.512786 352.200133 1.1172988 
Ratio Glial/Neurite lost N.S. 30 28 0.22089379 0.18502038 1.19388897 
Glial area Nrg N.S. 30 28 109.610071 102.706433 1.06721719 
Neurite area Nrg N.S. 30 28 421.478571 414.340033 1.0172287 
Ratio Glial/Neurite Nrg N.S. 30 28 0.26119771 0.24609554 1.06136707 
Glial area nrv2 N.S. 82 73 80.3282466 74.0356951 1.08499348 
Neurite area nrv2 N.S. 82 73 382.141753 372.99 1.02453619 
Ratio Glial/Neurite nrv2 N.S. 82 73 0.20899176 0.19065006 1.0962061 
Glial area Pdi ** < 0.01 26 30 106.6677 78.8305 1.35312728 
Neurite area Pdi N.S. 26 30 444.043933 438.648 1.01230128 
Ratio Glial/Neurite Pdi * < 0.05 26 30 0.23706184 0.18220216 1.30109239 
Glial area sdk N.S. 92 82 67.9094024 67.60375 1.00452123 
Neurite area sdk N.S. 92 82 317.450951 339.48325 0.93510048 
Ratio Glial/Neurite sdk N.S. 92 82 0.20434589 0.18912138 1.08050122 
Glial area shot *** < 0.001 82 79 46.4964051 74.0356951 0.62802686 
Neurite area shot N.S. 82 79 354.366633 372.99 0.95007006 
Ratio Glial/Neurite shot * < 0.05 82 79 0.13401183 0.19065006 0.70292049 
Glial area Vha55 N.S. 27 28 57.1433929 71.9879259 0.79379135 
Neurite area Vha55 N.S. 27 28 391.39175 418.79437 0.93456784 
Ratio Glial/Neurite Vha55 N.S. 27 28 0.14005804 0.16907098 0.82839785 
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Figure D-3 Violin and dot-plots containing raw data of the numbers of “ghost boutons” counts 

after potassium stimulation relative to RNAi controls 

Next page: Violin plots with accompanying raw data presenting the NMJ results quantification of the 

numbers of “ghost boutons” counts after potassium stimulation relative to RNAi controls. See genotype 

above each plot and legend for details. Raw data is plotted as black dots. Point range (orange) indicates 

the mean ± SEM. Significance levels are denoted as follows: *p < 0.05; **p < 0.01; ***p < 0.001; ****p 

< 0.0001.  
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Table D-2 Summary statistics for bouton numbers after stimulation 

RNAi target p control n RNAi n RNAi mean 
bouton number  

control mean 
bouton number 

Foldchange P significance log2foldchange 

α-Cat 0.766 29 30 5.7 4.86206897 1.17234043 N.S. 0.22939156 

Atpα 0.0666 30 30 4.26666667 2.36666667 1.8028169 N.S. 0.85025288 

CG1648 0.00381 30 29 7.65517241 3.73333333 2.05049261 ** < 0.01 1.03597054 

Flo2 0.257 28 28 5.46428571 4.5 1.21428571 N.S. 0.28010792 

Gli 0.155 30 30 3.5 2.43333333 1.43835616 N.S. 0.52442096 

Gs2 0.131 30 29 3.65517241 5.46666667 0.6686291 N.S. -0.5807219 

kst 0.421 30 30 4.53333333 4.4 1.03030303 N.S. 0.04306872 

Lac 0.01 43 46 8 11.4418605 0.69918699 * < 0.05 -0.516249751 

lost 0.25 30 28 4.28571429 5.9 0.72639225 N.S. -0.4611793 

Nrg 0.363 30 28 4.85714286 3.96666667 1.2244898 N.S. 0.29218075 

Pdi 1.30E-06 26 30 9.56666667 2.80769231 3.40730594 **** < 0.0001 1.76863149 

CG42342 1.74E-06 92 65 5.55384615 11.4891304 0.48340004 **** < 0.0001 -1.0487105 

sdk 0.079 92 82 9.82926829 11.4891304 0.85552761 N.S. -0.2251137 

cold 0.19 82 81 6.65432099 8.09756098 0.82176856 N.S. -0.283196 

nrv2 0.532 82 73 9.39726027 8.09756098 1.16050503 N.S. 0.21475278 

shot 0.526 82 76 8.77631579 8.09756098 1.08382213 N.S. 0.11612801 

Vha55 0.839 27 28 4.46428571 4.7037037 0.94910011 N.S. -0.0753678 

 


