
The Drosophila Homolog of the Intellectual
Disability Gene ACSL4 Acts in Glia to Regulate

Morphology and Neuronal Activity: A Dissertation

Item Type Doctoral Dissertation

Authors Quigley, Caitlin M.

DOI 10.13028/M2XW27

Rights Copyright is held by the author, with all rights reserved.

Download date 23/05/2023 20:11:03

Link to Item http://hdl.handle.net/20.500.14038/32211

http://dx.doi.org/10.13028/M2XW27
http://hdl.handle.net/20.500.14038/32211


THE DROSOPHILA HOMOLOG OF THE INTELLECTUAL DISABILITY GENE 

ACSL4 ACTS IN GLIA TO REGULATE  

MORPHOLOGY AND NEURONAL ACTIVITY 

 

A Dissertation Presented  

By   

CAITLIN M. QUIGLEY 

 

Submitted to the Faculty of the   

University of Massachusetts Graduate School of Biomedical Sciences, Worcester   

in partial fulfillment of the requirements for the degree of  

DOCTOR OF PHILOSOPHY  

JULY 15TH, 2016 

MD/PHD PROGRAM  



ii 
 

THE DROSOPHILA HOMOLOG OF THE INTELLECTUAL DISABILITY GENE ACSL4 
ACTS IN GLIA TO REGULATE MORPHOLOGY AND NEURONAL ACTIVITY 

A Dissertation Presented By 

CAITLIN M. QUIGLEY 

The signatures of the Dissertation Defense Committee signify completion and approval as to style 
and content of the Dissertation 

 

Hong-Sheng Li, Ph.D., Thesis Advisor 

 

Vivian Budnik, Ph.D., Thesis Advisor 

 

Michael Francis, Ph.D., Member of Committee 

 

David Weaver, Ph.D., Member of Committee 

 

Dorothy Schafer, Ph.D., Member of Committee 

 

Justin Thackeray, Ph.D., Member of Committee 

The signature of the Chair of the Committee signifies that the written dissertation meets the 
requirements of the Dissertation Committee  

 

Patrick Emery, Ph.D., Chair of Committee 

The signature of the Dean of the Graduate School of Biomedical Sciences signifies that the 
student has met all graduation requirements of the school. 

 

Anthony Carruthers, Ph.D.,  

Dean of the Graduate School of Biomedical Sciences 

MD/PhD Program 

July 15th, 2016 



iii 
 

 

DEDICATION 

 When I began my PhD, I little knew the perseverance, tenacity, and 

resourcefulness completing it would require. No one person can do this on their own. 

Accordingly, I dedicate this work to the people in my life who helped me survive it, 

foremost among them my father, James Quigley, and my friends Tia Brodeur and 

Michael Gorczyca. I also include my cat, Henry, for giving me a reason to leave the lab 

occasionally, and always being my failsafe alarm clock.  

 

  



iv 
 

ACKNOWLEDGEMENTS 

I wish to acknowledge the following:  

My mentor, Dr. Hong-Sheng Li, for giving me the opportunity to perform this 

research, and the freedom to investigate the areas of most interest to me. 

 

My co-mentor, Dr. Vivian Budnik, for believing in me and this project from the 

very beginning, always listening to my ideas and goals with respect, and always 

pushing me harder to succeed.  

 

Dr. Marc Freeman for lending me his wisdom, guidance, expertise, and extensive 

stock collection as I forged this project. 

 

The members of my committee for their advice and encouragement over the 

years.  



v 
 

ABSTRACT 

Recent developments in neurobiology make it clear that glia play fundamental 

and active roles, in the adult and in development. Many hereditary cognitive disorders 

have been linked to developmental defects, and in at least two cases, Rett Syndrome and 

Fragile X Mental Retardation, glia are important in pathogenesis. However, most studies 

of developmental disorders, in particular intellectual disability, focus on neuronal defects. 

An example is intellectual disability caused by mutations in ACSL4, a metabolic enzyme 

that conjugates long-chain fatty acids to Coenzyme A (CoA). Depleting ACSL4 in 

neurons is associated with defects in dendritic spines, a finding replicated in patient 

tissue, but the etiology of this disorder remains unclear. In a genetic screen to discover 

genes necessary for visual function, I identified the Drosophila homolog of ACSL4, Acsl, 

as a gene important for the magnitude of neuronal transmission, and found that it is 

required in glia. I determined that Acsl is required in a specific subtype of glia in the 

Drosophila optic lobe, and that depletion of Acsl from this population causes 

morphological defects. I demonstrated that Acsl is required in development, and that the 

phenotype can be rescued by human ACSL4. Finally, I discovered that ACSL4 is 

expressed in astrocytes in the mouse hippocampus. This study is highly significant for 

understanding glial biology and neurodevelopment. It provides information on the role of 

glia in development, substantiates a novel role for Acsl in glia, and advances our 

understanding of the potential role that glia play in the pathogenesis of intellectual 

disability.  
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CHAPTER I. INTRODUCTION 

1.1. The role of the nervous system 

To sustain life, an organism must have the ability to detect information from and 

interact with its environment. This function is fulfilled by the nervous system in animals, 

which collects and processes sensory input, and generates behavioral output. Moreover, 

in complex animals the nervous system institutes high order cognitive operations, 

allowing us not only to sense and do, but also to think and feel. These functions are 

mediated by the activity and interaction of only two basic cell types: neurons and glia. 

Despite their significance, neurons and glia were not described until the late 19th century, 

and while the importance of neurons was almost immediately recognized, glia were not 

seriously studied until the mid-1980s, when Albert Einstein’s preserved brain was found 

to have a preponderance of these long-ignored cells (Diamond et al., 1985). In the 

ensuing decades, research on glia, and the interaction of neurons and glia, has made 

significant strides, deepening our understanding of how the nervous system accomplishes 

its astonishing breadth of function.  
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1.2. Cellular Composition of the Nervous System 

1.2.1. Neurons and their functions 

 Canonically, neurons were believed to be the only cells of the nervous system 

capable of cell-cell communication. This has since been proven to be incorrect (Hösli et 

al., 1981; Konnerth et al., 1988); however, neurons are the predominant source of 

electrical activity within the nervous system, generating both slow gradient potentials that 

increase in response to stimuli, and fast action potentials that are triggered once stimuli 

reaches a defined threshold (Stuart et al., 1997). Indeed, the electrical activity of neurons 

is the primary defining characteristic of this cell population. 

 Through their electrical properties, neurons are able to communicate the presence 

of stimuli to other neurons, as well as glia, over long distances. Through the interaction of 

networks of neurons, information can be processed and interpreted, allowing downstream 

neurons to generate a response to stimuli. Neurons communicate this information through 

synapses, a specialized connection between cells. At the synapse, the upstream, or pre-

synaptic, neuron releases signaling molecules that traverse the extracellular space to 
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contact receptors on the downstream, or post-synaptic, neuron (Ackermann et al., 2015). 

Once the post-synaptic receptors are stimulated, this downstream neuron can propagate 

the signal onto the next neuron in the synaptic network. In mammals, neurons are 

polarized, receiving post-synaptic input on specialized processes called dendrites, and 

generating pre-synaptic output from a separate process called the axon. Mammalian 

neurons may have multiple dendrites and receive input from many other neurons, but 

elaborate only one axon. The complexity of this morphology is increased by structures on 

the dendrites called dendritic spines, at which the post-synaptic machinery is located 

(Nimchinsky et al., 2002; Govek et al., 2005; Buard et al., 2010). In contrast, many 

neurons in arthropods such as Drosophila are unipolar, and both receive input and 

generate output from the same structure.  

 A central organizing principle of complex animal brains is the differentiation 

between anatomical areas where neuronal processes travel, and areas where they form 

synaptic connections. Synaptically dense areas are referred to as neuropil, and it is within 

these structural domains that information is transmitted, processed, and refined.  
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1.2.2. Glia and their functions 

 While glia were first identified in the mid-19th century, they were mostly ignored 

by the field of neuroscience until the last few decades, in large part because it was not 

clear that glia were capable of participating in the communication and integration of 

information in the nervous system. Recent research has profoundly expanded our 

knowledge of glial function, and it is now clear that they play fundamental, active roles in 

development, function, and maintenance of the nervous system. There are multiple 

subtypes of glia in the mammalian brain, which serve different functions (Purves et al., 

2001). For example, the microglia are the phagocytic cells of the nervous system, and 

function both to remove debris from surrounding tissue, as well responding to and 

resolving inflammation and injury. Their sensitivity to changes in the delicate neuronal 

tissue is paramount, and is believed to be achieved through active physical surveillance of 

surrounding tissue (Kato et al., 2016; Tay et al., 2016), as well as their expression of ion 

channels (Madry and Attwell, 2015; Echeverry et al., 2016; Pappalardo et al., 2016). In 

addition to phagocytosing infectious agents, microglia also engulf and remove the 
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remains of damaged or apoptotic cells, and extracellular plaques (Gyoneva et al., 2016; 

Spangenberg and Green, 2016).  

In contrast, ensheathing glia, such as oligodendrocytes and Schwann cells, enwrap 

and support neuronal axons as they travel between neuropil in the brain, and as they 

travel outside the central nervous system. Ensheathing glia provide myelin sheaths to 

mammalian axons, which are dense membranous structures encircling neuronal 

projections. Myelin sheaths are crucial to preventing ion leakage, and increasing the 

speed of electrical impulses as they travel long distances both within and without the 

brain (Friess et al., 2016; Mathews and Appel, 2016). Ensheathing glia also provide 

trophic support to axons, maintaining these structures in a healthy state at long distances 

from the neuronal cell body (Barateiro et al., 2016). 

However, for the purposes of this introduction, I will focus on the function of 

astrocytes, or neuropil glia, the subtype most heavily involved in neuronal signaling. 
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i. Astrocyte glia functions in adult physiology 

In the adult, astrocytic glia have been demonstrated to function in synaptic 

communication between neurons. Astrocytic glia are intimately associated with synapses 

in the neuropil (Allen and Barres, 2005, 2009; Eroglu et al., 2008; Eroglu and Barres, 

2010; Halassa and Haydon, 2010; Reichenbach et al., 2010). Their proximity to the 

synaptic cleft, the extracellular space between synaptic partners, greatly facilitates their 

role in the clearance of signaling molecules from the synapse. Moreover, glia are the 

major cell type involved in neurotransmitter recycling, and are capable not only of uptake 

and metabolism of neurotransmitters, but also return of neurotransmitters to the pre-

synaptic neuron (Barres, 2008; Allen and Barres, 2009). These functions have been 

particularly well established in excitatory glutamate signaling (Marcaggi and Attwell, 

2004; Waagepeterson et al., 2005; Bak et al., 2006; Chen et al., 2006; Bringmann et al., 

2009; Halassa and Haydon, 2010). These functions are essential for maintaining the 

ability of neurons to communicate. 

 Another important function of glia is maintaining extracellular ion homeostasis 

(Walz, 1989; Silver and Ereciriska, 1992; Simard and Nedergaard, 2004). If the 
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extracellular concentrations of ions are disturbed, neurons are unable to transfer charged 

particles across their membranes in sufficient quantities to generate an electrical 

potential. Glia act to both store ions and maintain regular extracellular concentrations, 

allowing neurons to continue communicating.  

 Finally, astrocytic glia function as critical links between the vasculature and 

neurons. Astrocytes uptake and store glucose, subsequently converting it into lactate, the 

primary metabolic substrate of neurons (Blanger et al., 2011; Blumrich et al., 2016; 

Steinman et al., 2016). In this way, astrocytes act as a metabolic sink that can supply 

energy to neurons in parallel with their levels of activity. Moreover, astrocytes are tightly 

coupled with the vasculature in the brains, and both regulate the barrier along the 

vasculature which insulates the brain from toxins or infectious material in the blood 

stream, and regulate cerebral blood flow, redirecting it to areas of higher neuronal 

activity (Abbott et al., 2006; Cheslow and Alvarez, 2016; Nuriya and Hirase, 2016).  
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ii. Astrocyte glia functions in development 

Glia serve multiple essential roles in development, some of which are conserved 

across evolution in diverse species. These conserved functions include axon targeting of 

developing neurons and synaptic development.  

Glia help guide axons during development by providing intermediate targets 

during axon outgrowth, expressing both attractive and repulsive targeting cues, and often 

aid in final targeting (Dodd and Jessell, 1988; Araújo and Tear, 2003; Chotard and 

Salecker, 2008; Pfrieger, 2009). During this process, neurons and glia communicate 

reciprocally, with neurons providing migration and survival cues to glia (Tsai and Miller, 

2002; Pfrieger, 2009). 

Glia support synaptic development through both contact-independent and contact-

dependent mechanisms, and are essential for all phases of synaptic development, from 

formation, to maturation, to pruning. In synapse formation, glia facilitate synaptic 

partnering through their targeting functions, and moreover support dendritic outgrowth 

and the development of dendritic spines (Murai et al., 2003; Carmona et al., 2009; Buard 
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et al., 2010). Glia promote synaptic maturation by releasing secreted signals that, for 

example, enhance the efficacy of transmitter release at the pre-synapse or the expression 

and stabilization of receptors at the post-synapse (Nägler et al., 2001; Steinmetz et al., 

2006; Perez-Gonzalez et al., 2008). A handful of these secreted factors have been 

identified, including thrombospondin and cholesterol (Mauch, 2001; Christopherson et 

al., 2005), both of which facilitate maturation of the pre-synapse. Finally, microglia in 

mammals and neuropil glia in Drosophila have been demonstrated to engulf and remove 

pre-synaptic and axonal debris during development, allowing the nervous system to fine 

tune its synaptic networks (Eroglu et al., 2008; Schafer and Stevens, 2010, 2014; Schafer 

et al., 2012). 

iii. Roles for glia in developmental disorders and intellectual disability 

Given the fundamental roles glia play in development, it is not surprising that they 

are involved in the pathogenesis of developmental disorders. Glia are strongly implicated 

in the development of schizophrenia, and potentially bipolar disorder and depression 

(Dong and Zhen, 2015; Wang et al., 2015). However, the best evidence to date comes 

from glial malfunction in models of intellectual disability. Rett Syndrome, caused by 
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mutations in the gene MeCP2, is a severe neurodevelopmental disorder characterized by 

intellectual disability. MeCP2 was shown to act in astrocytes to non-autonomously 

influence neuronal dendritic morphology, and glutamate levels (Ballas et al., 2009; Lioy 

et al., 2011; Makinodan, 2015). Fragile X Syndrome is characterized by learning 

difficulties, reduced cognitive capacity, and even mood instability and autism. Depletion 

of the Fragile X Syndrome protein FMRP from astrocytes reduced dendritic arborization 

and synaptic protein aggregates in co-culture with wild type neurons (Tessier and 

Broadie, 2008; Cheng et al., 2012). Finally, Alexander Disease, a disorder involving 

nervous system dysfunction such as seizures and psychomotor retardation, is associated 

with mutations in the astrocytic gene Glial Fibrillary Acidic Protein (GFAP) (Brenner et 

al., 2001). Astrocytes bearing this mutation were found to express reduced levels of 

glutamate transporter, and were unable to regulate glutamate levels in co-culture with 

neurons (Tian et al., 2010). Together, this body of evidence clearly demonstrates a role 

for glia in the pathogenesis of intellectual disability.  
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1.3. Genetic Underpinnings of Intellectual Disability 

1.3.1. Prominent genes identified in intellectual disability and their functional 

groupings 

 While intellectual disability is a heterogenous disease, and can be linked to 

mutations in many different genes on many different chromosomes, common phenotypes 

are observed across populations. As discussed above, defects in dendrites are frequently 

found in models of intellectual disability (Purpura, 1974; Kaufmann and Moser, 2000), as 

are defects in excitatory neurotransmitter recycling and neurotransmitter release (Renieri 

et al., 2005). This clustering of phenotypic effects suggests that the genes underlying 

intellectual disability can be grouped together by common functions or pathways. Indeed, 

on the X-chromosome alone, mutations associated with intellectual disability can be 

grouped into those affecting Rho GTPases and dendritic outgrowth (FMR1, OPHN1, and 

PAK3), those involved in regulating Rab GTPases and synaptic vesicle transport (GDI1 

and IL1RAPL1), and those involved in regulation of gene expression (MeCP2, FMR2, 

and ARX). In addition, there are genes whose functional effect is more difficult to 
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classify, termed ‘orphan mechanism’ genes. Among this group, many genes have 

plausible functions in the nervous system, being associated with neurotransmitter 

receptors (Discs Large Homolog 3 (DLG3)), or transport of crucial metabolites like 

creatine (Solute Carrier Family 6 Member 8 (SLC6A8)). The function of the remaining 

genes is more difficult to interpret. One such gene, Acyl-CoA Synthetase Long-chain 4 

(ACSL4), encodes a long-chain fatty acid-CoA synthetase, whose function in the nervous 

system is still being elucidated.  

1.3.2. ACSL4 an X-linked intellectual disability gene 

i. Discovery and clinical presentation 

ACSL4 was discovered as a gene involved in intellectual disability after mutations 

in its coding sequence were identified in two unrelated families with non-specific X-

linked intellectual disability (Piccini et al., 1998; Meloni et al., 2002). Individuals with 

either point mutations or deletions were identified, and affected individuals demonstrated 

non-progressive cognitive deficiency ranging from moderate to severe. It was estimated 



13 
 

that mutations in ACSL4 are responsible for approximately 1% of all X-linked intellectual 

disability (Meloni et al., 2002). 

ii. What is ACSL4 and what does it do? 

ACSL4 is one of five human ACSL genes. The protein product of ACSL4, 

ACSL4, is a metabolic enzyme that conjugates long-chain fatty acids to Coenzyme A, 

producing acyl-CoA substrates for lipid catabolism and metabolism (Cao et al., 1998). 

ACSL4 demonstrates a preference for arachidonic acid (Digel et al., 2009), the most 

abundant lipid in the mammalian brain. Upon conjugation to CoA, arachidonic acid 

becomes arachidonoyl-CoA. The predominant splice isoform of ACSL4 in the brain, 

isoform 2, includes an additional N terminal moiety that changes the putative localization 

of ACSL4 from the cytoplasm to the endoplasm reticulum (Meloni et al., 2002). Thus, 

while metabolic functions for ACSL4 have been documented in other tissues (Mashek et 

al., 2006; Golej et al., 2011; Küch et al., 2014), such as fatty acid uptake and 

prostaglandin release, it seems likely that in the brain it is more heavily involved in the 

production of acyl-CoAs for protein modification. 
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iii. Why is ACSL4 a good candidate for study? 

Three pieces of evidence indicate that ACSL4 may be a good candidate for study. 

First, the burden of disease in families carrying ACSL4 mutations is severe, and a more in 

depth understanding of the pathogenesis involved may lead to better treatment options. 

Indeed, X-linked intellectual disability is predicted to be responsible for 20-25% of all 

cases of intellectual disability in males, so any insight gained from studying ACSL4 may 

have broad applications to other patient populations. Second, ACSL4 comes from a 

family of conserved Acyl-CoA synthetases, each containing multiple conserved domains, 

that have homologs in multiple vertebrate and invertebrate models. The evolutionary 

conservation points to an essential function, and the presence of homologs in multiple 

model organisms facilitates the study of endogenous function. Third, what the essential, 

endogenous function may be is still unknown. Given its role in fatty acid metabolism, 

ACSL4 is likely to influence multiple pathways, possibly in a cell- or tissue-specific 

manner. Thus, the potential for novel discoveries in research devoted to ACSL4 is high.  
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1.4. ACSL4 Regulates Multiple Cellular Processes Through Fatty Acid 

Channeling 

1.4.1. What is fatty acid channeling? 

After uptake at the plasma membranes, the intracellular pool of unesterified fatty 

acids may be metabolized via two pathways. The first pathway is the production of 

eicosanoids. The eicosanoid pathway oxidizes 20-carbon chain fatty acids into 

prostaglandins and related metabolites, including thromboxanes and leukotrienes. 

Together, these molecules are known as ‘locally acting hormones’, and have well 

documented activities in blood clotting, inflammation, vasodilation, and apoptosis 

(Sumida et al., 1993; Cao et al., 2000). Prostaglandins are produced from arachidonic 

acid, and the first step in this pathway is performed by the cyclooxygenase, or COX, 

family of enzymes. The second pathway is the production of Acyl-CoA conjugates by the 

ACSL family of enzymes. Conjugation to CoA is necessary before fatty acids can be 

used in either lipid catabolism (e.g. production of triglycerides and protein modification), 

or metabolism (e.g. oxidation to form ATP) (Washizaki et al., 1994; Brash, 2001; Digel 
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et al., 2009; Grevengoed et al., 2014). Given the strong preference of ACSL4 protein for 

arachidonic acid, it seems likely that the phenotype of ACSL4 loss arises from an increase 

in the intracellular pool of free arachidonic acid, and/or the loss of arachidonoyl-CoA. 

1.4.2. Potential processes that can be regulated by free arachidonic acid 

Free arachidonic acid can regulate cellular processes directly, or through its 

metabolism into prostaglandins. While the potential mechanisms through which free 

arachidonic acid may act in the nervous system are numerous, and include the production 

of reactive oxygen species (Cocco et al., 1999), activation of the inflammatory response 

(Kuehl and Egan, 1980), stimulation of blood clotting (Rao and White, 1985), and 

regulation of arterial smooth muscle cells (Neeli et al., 2003), the two most likely 

mechanisms involved in this project are discussed below.  

i. Gene transcription 

In order to regulate fatty acid metabolism, cells rely on multiple sensing and 

effector systems. One such system involves the regulation of gene transcription (Sumida 

et al., 1993; Georgiadi and Kersten, 2012). Peroxisome proliferator-activated receptors 
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(PPARs) are members of the hormone sensing superfamily of transcription factors. 

PPARs are ligand-activated transcription factors, with a general preference for binding 

long chain polyunsaturated fatty acids, such as arachidonic acid (Coleman et al., 2002; 

Hunt and Alexson, 2002). Upon binding their ligand, PPARs bind to PPAR response 

elements in DNA, and subsequently either repress or activate transcription. Proven 

targets of PPAR-regulated transcription include genes involved in fatty acid metabolism, 

such as genes involved in lipid uptake, lipogenesis, peroxisomal β-oxidation, and 

cholesterol metabolism (Rakhshandehroo et al., 2010; McMullen et al., 2014). However, 

given the range of pathways affected by fatty acids and their metabolites, it is plausible 

that PPARs regulate a substantially wider array of genes. Some evidence for this 

hypothesis is already available, as PPAR-regulated gene transcription is necessary for 

adipocyte differentiation (Rosen et al., 1999), and PPARs can target genes involved in 

inflammation (Rakhshandehroo et al., 2010; McMullen et al., 2014). It is thus possible 

that free arachidonic acid can regulate the transcription of genes involved in neuronal, 

glial, or general brain development. 
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ii. Actin dynamics 

Arachidonic acid can regulate actin dynamics through its metabolism into 

prostaglandins (Glenn and Jacobson, 2002). Prostaglandin regulation of the actin 

cytoskeleton is highly context dependent, with a single prostaglandin, such as PGE2, 

capable of both increasing and decreasing actin fiber assembly and myosin contractility 

in different tissue and cell populations, and even at different developmental time points 

(Spracklen et al., 2014). Given this complexity, it is difficult to propose an exact pathway 

through which prostaglandins may influence actin dynamics. Indeed, a context dependent 

role for prostaglandin-mediated actin regulation in the nervous system seems likely, as it 

has been demonstrated that application of exogenous arachidonic acid to neuron cell 

culture increased the outgrowth of neuronal processes at low doses, and inhibited them at 

high doses (Smalheiser et al., 1996; Meloni et al., 2009). This significant result 

demonstrates that arachidonic acid and its products can alternately enhance and inhibit 

actin dynamics and myosin contractility in the nervous system. In the case of 

enhancement of actin dynamics, cell culture analysis demonstrated that prostaglandins 

increase actin fiber assembly and cell motility through activation of either protein kinase 
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A (PKA) or protein kinase C (PKC) (Spracklen et al., 2014). In the case of inhibition of 

actin dynamics, prostaglandins act through the G-protein coupled prostaglandin receptors 

EP2 and EP4 to destabilize actin fibers and reduce cell motility (Holla et al., 2005). In 

support of a potential role for ACSL4 in actin dynamics, ACSL4 protein puncta were 

observed to be co-localized with actin puncta in the dendrites of cultured mammalian 

neurons (Meloni et al., 2009). 

1.4.3. Potential functions of arachidonoyl-CoA 

Information about the functions of arachidonoyl-CoA is less detailed than that 

available for arachidonic acid and its eicosanoid metabolites. However, arachidonoyl-

CoA is known to be a major component of cell membranes through its incorporation into 

triglycerides, and is essential for maintaining membrane fluidity (Brash, 2001). 

Additionally, radiolabeled arachidonic acid was found to be incorporated into proteins, 

indicating that arachidonoyl-CoA can be used for protein modification (Yamashita et al., 

1995). Lipid modification of proteins allows them to embed at the plasma membrane, or 

be sorted into secretory vesicles (Mann and Beachy, 2004). Thus, lipid modification 

largely affects proteins at the cell periphery, and in the extracellular environment. Given 
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the putative localization of ACSL4 protein to the endoplasmic reticulum (Meloni et al., 

2009; Zhang et al., 2009), it is reasonable to hypothesize that it is involved in the sorting 

of membrane and secretory proteins.  

 

1.5. ACSL4 Functions in Both Neurons and Glia 

While the biochemical mechanisms through which ACSL4 functions in the 

nervous system are unclear, it has documented roles in both vertebrate and invertebrate 

neurons. This has led to the conclusion that ACSL4 and its homologs function exclusively 

in neurons; however, the design of these studies leaves open the possibility that these 

genes may also have a function in glia.  

1.5.1. Neuronal findings in ACSL4-linked intellectual disability 

Removal of ACSL4 via transfection of an RNAi vector in rat hippocampal 

neurons in cell culture resulted in defects in the growth of dendritic spines (Meloni et al., 

2009). In this study, neurons were co-cultured with non-transfected astrocytes, suggesting 

that this is a cell-autonomous phenotype specific to neurons. In addition, multiple studies 
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have documented staining of ACSL4 in hippocampal neurons in both human and mouse 

brains (Cao et al., 2000a; Meloni et al., 2009).  

1.5.2. Drosophila studies defining a role for the ACSL4 homolog in neurons 

 While mammalian studies established a role for ACSL4 in neurons, extensive 

characterization of its potential function has been performed in Drosophila. In these 

studies, the morphology and function of neurons were examined in animals with 

ubiquitous loss of the ACSL4 homolog Acsl in all tissue, including glia. Homozygous null 

animals did not survive to the third larval instar, so analysis was performed on 

heterozygous animals containing a null allele over a p-element insertion mutant 

(AcslKO/Acsl05847). In this context, third larval instar neurons were observed to have a 

number of phenotypes. First, photoreceptor targeting was observed to be abnormal in the 

larval brain (Zhang et al., 2009); however, no cell-specific RNAi or rescue was 

performed to identify the cell types involved in this phenotype. Second, motor neurons in 

the posterior abdominal segments of the larva were observed to have a defect in synaptic 

vesicle transport, with a specific reduction in retrograde movement (Liu et al., 2011). 
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This study further demonstrated reduced growth and stability of synapses in these 

posterior neurons, and reduced spontaneous and evoked glutamate release.  

Third, analysis of anterior motor neurons revealed synaptic overgrowth, which 

was associated with mislocalization of Rab11, a small GTPase involved in endosome 

recycling (Liu et al., 2014). Importantly, the levels of activated Bone Morphogenic 

Protein (BMP) signaling molecules was increased at both posterior and anterior motor 

neuron synapses. The authors of these studies hypothesized that Acsl plays a role in 

endocytic recycling of BMP receptors; in the absence of Acsl, endocytic trafficking of 

these receptors is impaired, and BMP signaling is increased. In anterior neurons, this 

results in synaptic overgrowth. Posterior neurons are additionally burdened by defects in 

transport across the greater distance between their synapses and cell bodies, resulting in 

malnourishment of posterior neuro-muscular junctions, and a decrease in synaptic 

growth. Ultimately, a conserved function in endocytic recycling of receptors is proposed 

for Acsl in all neurons, as similar endocytic defects were observed in the photoreceptors 

of these animals. In photoreceptors, endocytic recycling effects were more severe in 

animals with RNAi knock-down (KD) of Acsl in all photoreceptors, than in mutant clones 
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of the AcslKO allele. This may be due to partial compensation by wild type tissue 

surrounding the AcslKO clones. The synaptic overgrowth and undergrowth phenotypes of 

anterior and posterior larval motor neurons, respectively, was rescued by expression of 

human ACSL4 specifically in neurons, and not in the post-synaptic muscle cells or in glia. 

This result demonstrates functional homology between human ACSL4 and Drosophila 

Acsl in neurons (Liu et al., 2011, 2014).  

1.5.3. Caveats of previous studies, and potential activity of ACSL4 in glia 

 While these studies offer compelling evidence that ACSL4, and the Drosophila 

homolog Acsl, function in neurons, they do not demonstrate conclusively that these genes 

have no function in glia. While expression of ACSL4 protein was demonstrated in 

hippocampal neurons of mammalian tissue (Meloni et al., 2009), this analysis was done 

without the aid of cell-type markers to confirm that expression is restricted to neurons. 

Furthermore, while removal of ACSL4 from cultured neurons resulted in a reduction in 

dendritic spines, no analysis of synapses was performed (Meloni et al., 2009). Thus, 

while depletion of ACSL4 causes a morphological defect in mammalian neurons, this 

may or may not result in a functional defect.  
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 Analysis of Drosophila neurons was done in larvae in a mutant background in 

which Acsl was depleted from all tissues (Zhang et al., 2009; Liu et al., 2011, 2014). 

Expression of ACSL4 in glia in this background did not rescue the overgrowth phenotype 

of anterior neurons, while expression of either Acsl or ACSL4 in neurons did. This 

analysis may seem to indicate that Acsl and ACSL4 function exclusively in neurons, but it 

cannot rule out that Acsl has a separate function in glia unrelated to this phenotype, or 

that glial Acsl may have an effect that relies on the presence of functional Acsl in 

neurons. Furthermore, when the electrophysiological function of posterior motor neurons 

was assessed in the prior study (Liu et al., 2011), glial expression of either Acsl or ACSL4 

was not included in the analysis. Therefore, the possibility remains that ACSL4 and its 

homologs function in glia. 
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1.6. Drosophila Optic Lobe as a Model to Study Glial ACSL4/Acsl 

Function 

In this study, I continue investigating the function of ACSL4 and its homologs, 

focusing on their role in glia and in development. These studies were performed in the 

Drosophila optic lobe. The advantages of this model organism and system are discussed 

below.  

1.6.1. Strengths of Drosophila for this project 

i. Homology of Drosophila Acsl with ACSL4 and ACSL3 

Drosophila Acsl has ten documented splice variants, labeled A through J (Attrill 

et al., 2016). While the protein products of these variants have different N-termini, all 10 

include conserved, putative ATP and CoA binding domains in the C-terminal regions. 

Acsl protein isoforms have 51% and 48% identity with ACSL4 protein isoforms 1 and 2, 

respectively, covering over 98% of the sequence in each case (Table 1.1). Of these 10 

Acsl proteins, 6 are predicted to localize to the ER and 4 to the cytosol (Table 1.1). The 

considerable identity between the protein products of human ACSL4 and Drosophila Acsl 
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indicates a conservation of function between the two organisms, making Drosophila an 

excellent model system for investigation of the role of ACSL4 and its homologs in glia.  

ACSL3 is the human ACSL protein with closest homology to ACSL4 (66% 

identities, 80% positives, covering 98% of the query sequence). Drosophila Acsl protein 

also shares homology with ACSL3 at the protein level (isoforms A-I have 49% identity 

and isoform J has 48% identity, covering 95% of the ACSL3 sequence) (Table 1.1). 

Indeed, expression of ACSL3 in mammalian glia has been previously demonstrated, and 

overexpression of ACSL3 in glia has been associated with the development of glial 

cancers, such as glioma (Pei et al., 2009). It is tempting to conclude that the two 

homologs operate in different cell types in the nervous system: ACSL4 in neurons, and 

ACSL3 in glia. However, expression of ACSL4 has been recently demonstrated in 

astrocytes (Zhang et al., 2014; Seeger et al., 2016), making it likely that both ACSL3 and 

ACSL4 function in glia. 
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ii. Spatial and temporal depletion of Acsl 

In addition to the homology of Acsl protein with ACSL4 protein, the genetic tools 

available in Drosophila allow spatial and temporal control of RNAi KD, allowing Acsl to 

be specifically depleted from glia or subtypes of glia at specific times. This is achieved 

through the Gal4/UAS system (Brand and Perrimon, 1993). Gal4 is a transcription factor 

isolated from yeast that binds and recruits transcription machinery to specific DNA 

sequences termed Upstream Activating Sequences (UAS). Gal4, and thus UAS-directed, 

expression can be targeted to distinct cell types by placing tissue specific promoters 

upstream of the Gal4 encoding element. Moreover, Gal4 expression can be controlled 

temporally by utilizing the temperature sensitive variant of the Gal4 suppressor Gal80 

(Gal80ts) (McGuire et al., 2003; Fujimoto et al., 2011). At lower temperatures, Gal80ts 

retains its function, and acts to suppress Gal4 expression. At higher temperatures, Gal80ts 

becomes non-functional, and Gal4 expression is released. By transferring flies containing 

all three elements between low and high temperatures, Gal4 expression can be limited to 

specific cell populations, and timed to specific developmental stages. 
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iii. Strengths of the Drosophila optic lobe as a model system 

The central nervous system of Drosophila has been well characterized, and 

provides multiple systems in which to study the role of Acsl in glia. Of these systems, the 

optic lobe is particularly appealing. First, the electrophysiological activity of the optic 

lobe can be easily assessed with the electroretinogram (ERG, see more below). Second, 

the adult morphology of the optic lobe has been well characterized, with extensive 

documentation of the location and characteristics of multiple subtypes of both neurons 

and glia. Furthermore, specific Gal4 drivers are available for most of these subtypes, 

making it possible to identify specific populations and functions regulated by Acsl. 

Finally, the development of the optic lobe has been studied in depth. There is a large 

body of literature on the generation, differentiation, and migration of neurons and glia, as 

well as the specification of the post-synaptic compartments, and the development of 

synapses, and neuropil (reviewed in Section 1.7). Together, the profound body of 

knowledge of the Drosophila optic lobe, combined with the ease of electrophysiological 

assessment, make it an ideal system to study the role of Acsl in glia.  
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1.6.2. An overview of the adult Drosophila optic lobe 

i. Adult morphology 

The visual system of adult flies can be divided into the retina, in which the light 

sensing photoreceptors reside, and the optic lobe, which consists of a series of four 

neuropils: the lamina, medulla, lobula, and lobula plate (Fig 1.1.) (Fischbach and Dittrich, 

1989; Rein et al., 1999). Once visual information is collected in the retina, it is 

transmitted to and processed by the intrinsic neurons of each subsequent neuropil, until 

ultimately reaching the central brain. Each synaptically dense neuropil is surrounded and 

supported by glia, which have been particularly well-characterized in the lamina (Tix et 

al., 1997; Edwards and Meinertzhagen, 2010; Edwards et al., 2012). Glia associated with 

structures proximal to the lamina have been less studied; however, it is known that glia 

ensheath the processes of neurons as they traverse the distal optic chiasm, the span 

between the lamina and medulla, and the proximal optic chiasm, the span between the 

medulla and lobula, and that glia are adjacent to the other neuropils of the optic lobe. 
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There are eight distinct subtypes of photoreceptors, labeled R1-R8, which express 

different combinations of light sensing molecules, or rhodopsins, labeled Rh1-Rh6 

(Ranganathan et al., 1995). Photoreceptors R1-R6 express rhodopsin Rh1, and function to 

sense motion and contrast. Photoreceptors R7 and R8 express combinations of Rh3-Rh6, 

and function to sense color.  

Each class of rhodopsin responds to different wavelengths of light. Thus, each 

subtype of photoreceptors collects information from a subset of the UV-visual light 
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spectrum. Within the retina, photoreceptors are organized into a repetitive lattice of 

columnar elements, or ommatidia. While the cell bodies of photoreceptors are located in 

the ommatidia, they extend axons across the retinal chiasm into either the lamina (R1-

R6), or the medulla (R7 and R8) (Fischbach and Dittrich, 1989).  

In the lamina, R1-R6 associate with secondary order lamina neurons to form a 

repetitive lattice of columnar elements termed cartridges. Within the cartridge, 

photoreceptors release the neurotransmitter histamine, which initiates hyper-polarization 

of the lamina monopolar cells L1 and L2. These cartridges are supported by three layers 

of glia: surface and cortex glia, which enwrap the processes of photoreceptors and cell 

bodies of lamina neurons in the cell body layer of the lamina, and two types of neuropil 

glia – epithelial and marginal glia (Fig 1.2) (Edwards and Meinertzhagen, 2010; Edwards 

et al., 2012). Cell bodies of the epithelial glia reside at the distal edge of the lamina 

neuropil, and cell bodies of the marginal glia reside at the proximal edge.  Together, 

epithelial and marginal glia extend processes into the lamina neuropil. Supportive 

functions in neuronal signaling such as neurotransmitter recycling have been documented 

for epithelial glia (Richardt et al., 2002; Edwards and Meinertzhagen, 2010). Epithelial 
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glia are known to express the enzyme ebony, which catabolizes histamine into carcinine, 

and to return carcinine to the photoreceptor where it is metabolized back into histamine 

by the enzyme tan (Borycz et al., 2002; Richardt et al., 2002; Pantazis et al., 2008).  

Epithelial glia seem to perform this function through a specialized appendage, 

called a capitate projection, which invaginates into the photoreceptor axon (Fabian-Fine 
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et al., 2003; Rahman et al., 2012). In contrast, the exact role of marginal glia in the adult 

lamina is less clear.  

 The second neuropil of the optic lobe, the medulla, is much larger than the 

lamina. In cross section, the medulla, like the lamina and retina, is organized into a 

repetitive lattice of columnar elements, which in this neuropil are simply referred to as 

columns (Fischbach and Dittrich, 1989; Takemura et al., 2008a). In longitudinal sections, 

the medulla is organized into ten synaptic layers, M1-M10, with M1 being the most distal 

and M10 the most proximal layers. Layers M1-M5 are generally grouped together and 

referred to as the “outer medulla”, and layers M6-M10 are referred to as the ‘inner 

medulla’.  

While the axons of photoreceptors R1-R6 terminate in the lamina, R7 and R8 

extend into the medulla, terminating in layers M6 and M3, respectively (Takemura et al., 

2008a). Lamina neurons also extend processes into the medulla, which then associate 

with, and synapse upon, tertiary order neurons of the medulla. Tertiary order neurons of 

the medulla then extend into and synapse upon neurons of the lobula, which in turn 

extend into and synapse upon neurons of the lobula plate. In this fashion, visual 
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information collected in the retina is passed from neuropil to neuropil, until ultimately 

reaching the central brain.  

ii. Adult electrophysiology 

As described above, electrophysiological activity in the optic lobe can be assessed 

through the ERG. The ERG is a wide field recording of the sum of electrical currents in 

the retina and neuropils across the optic lobe (see Chapter II. Methods for details on 

acquisition), and measures the movement of ions in the extra-cellular space. The ERG 

consists of four parts, each of which represents activity in a different structure (Fig 1.3.). 

First, at the onset of light stimulation, there is an ‘on transient’, which is typically 1-4 mV 

in magnitude. The ‘on transient’ is believed to be generated by hyper-polarization of 

lamina neurons in response to photoreceptor depolarization and release of histamine 

(Heisenberg, 1971; Coombe, 1986; Pantazis et al., 2008). Second, immediately after the 

‘on transient’ there is a ‘sustained depolarization’, which represents the graded potential 

of the photoreceptors in the retina. This sustained depolarization is typically 8-12 mV in 

magnitude. Third, at the offset of light stimulation, there is an ‘off transient’, which 

incorporates both the repolarization of the lamina neurons once photoreceptors cease 
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histamine release, as well as a mix of other signals from across the eye (Heisenberg, 

1971; Coombe, 1986; Stuart et al., 2007; Pantazis et al., 2008). The ‘off transient’ is 

typically between 2-5 mV in magnitude. Fourth, the trace returns to baseline, which 

represents the repolarization of the photoreceptors.  

The ERG is recorded from the surface of the eye, and it is best used to measure 

activity in the closest structures of the visual system, the retina and lamina. Additionally, 

because it is a wide-field recording, the ERG represents the sum of activity in multiple 

neuronal subtypes in multiple neuropils, so the activity of a specific group of cells cannot 

be examined. However, the ease of acquisition and the relative depth of information 

available in an ERG trace make it a useful tool for examining neuronal signaling in the 

optic lobe.  
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Given the ease with which the ERG can be recorded, it has been extensively used 

to characterize defects in Drosophila vision. In particular, loss of the ‘on transient’ and 

‘off transient’ have been well studied. As expected, genes that mediate histamine 

signaling or recycling cause a loss of both transients when mutated. These include 

hisClA/ort, the histamine receptor on post-synaptic lamina neurons (Gengs et al., 2002; 

Pantazis et al., 2008), and genes involved in histamine metabolism and recycling in the 

eye, such as ebony and tan (discussed above), ine, a putative carcinine transporter in 

photoreceptors, and hdc, an enzyme that synthesizes histamine in photoreceptors (Gavin 

et al., 2007; Romero-Calderón et al., 2007). In addition, NinaE/Rh1, the light sensing 

molecule expressed in photoreceptors R1-R6, and nonA, an mRNA binding protein that is 

ubiquitously expressed, cause loss of both the ‘on’ and ‘off’ transients (Jones and Rubin, 

1990; Rendahl et al., 1992; Campesan et al., 2001).   
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1.7. Development of the Drosophila Optic Lobe 

 As discussed above, there is a large body of literature on the development of the 

optic lobe. A general summary of important concepts and discoveries is provided below, 

as context for my study of the role of glial Acsl in development. The development and 

function of neurons in the nascent optic lobe has been extensively characterized. Briefly, 

lamina neurons arise in the anterior of the optic lobe, and migrate a short distance to the 

nascent lamina. Their terminal division is initiated by the entrance of photoreceptor 

projections into the optic lobe from the developing retina (Huang and Kunes, 1996; 

Huang et al., 1998a). As they enter the lamina, five lamina neurons associate with 

photoreceptor terminals to form a cartridge. This process is mediated by signals from 

photoreceptor terminals, which induce the expression of appropriate ligands on lamina 

neurons (Huang et al., 1998b; Clandinin and Zipursky, 2000; Umetsu et al., 2006). The 

specification of cartridges in the lamina has been extensively studied, and several recent 

reviews have been published that summarize the field (see Melnattur and Lee, 2011). 

Neurons of the proximal neuropils arise in the posterior of the optic lobe, in the same 

proliferation center as lamina glia, and migrate short distances to their respective 
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neuropils. Less is known about the organization of these neurons into their adult 

columnar elements, although some evidence exists for the expression of specific cues in 

target layers in the medulla that projecting neurons respond to (Takemura et al., 2008b, 

reviewed in Melnattur and Lee, 2011). Since the goal of this work is to further elucidate 

the role of glia, and glial Acsl, in development, I will focus the rest of this section on the 

development and function of glia. 

1.7.1. Larval development 

i. Timeline 

A general theme in larval development of the optic lobe is reliance on innervation 

from the developing retina. In the developing retina, or eye disc, photoreceptors undergo 

terminal differentiation in a posterior to anterior wave (Cagan and Ready, 1989; Thomas 

and Zipursky, 1994). After differentiation, photoreceptors extend their processes through 

the optic stalk, which connects the eye disc to the optic lobe. Upon entry to the optic lobe, 

photoreceptor terminals initiate the final stages of development of both their post-

synaptic neuronal partners in the lamina (Huang and Kunes, 1996; Huang et al., 1998a), 
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as well as lamina glia (Perez and Steller, 1996; Suh et al., 2002). The dependence on 

photoreceptor innervation means that the lamina too develops in a posterior to anterior 

wave. Photoreceptor differentiation begins in the second larval instar, and innervation of 

the optic lobe begins by the end of this period.  

The concurrent innervation of photoreceptors, differentiation and migration of post-

synaptic neurons and glia, targeting of photoreceptors R1-R6 to the lamina and R7 and 

R8 to the medulla (see below), as well as organization of the post-synaptic compartment 

(Huang et al., 1998b) , begin during the end of the second larval instar, and continue into 

pupal development.  

ii. Generation and migration of glia 

Glia arise in the posterior of the optic lobe in the posterior proliferation center 

(Winberg et al., 1992; Perez and Steller, 1996). Their specification into glia relies on the 

expression of the transcription factors Glial Cells Missing (Gcm), and Reversed Polarity 

(repo) (Chotard et al., 2005), as well as the signaling molecule Decapentaplegic (DPP) 

(Yoshida et al., 2005). Glial cell development, as well as migration, is induced by the 
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presence of photoreceptors in the optic lobe, and relies on expression of the JAB9/CSN5 

subunit of the COP9 signalosome in R1-R6 (Suh et al., 2002), as well as Dpp expression 

(Rangarajan et al., 2001; Yoshida et al., 2005; Yuva-Aydemir et al., 2011). Glia that 

migrate to the lamina then act as intermediate targets of photoreceptors R1-R6 (see 

below). Migration of glia out of the posterior proliferation center occurs along the axons 

of neurons expressing the signaling molecule Wingless (Dearborn and Kunes, 2004). 

Interestingly, the outgrowth of these axons is also dependent on photoreceptor 

innervation.  

iii. Photoreceptor targeting 

 At the third larval instar stage, the terminals of photoreceptors R1-R6 are located 

between the layers of epithelial and marginal glia, while the terminals of photoreceptors 

R7 and R8 extend into the medulla. A large body of evidence indicates that marginal glia 

act as temporary targets of R1-R6. The stop signal provided by marginal glia, and the 

receptors on R1-R6 that interpret this signal, are not known; however, this targeting 

process appears to involve nitric oxide locally in the lamina (Gibbs and Truman, 1998), 

as well as expression in the photoreceptors of Brakeless, a nuclear protein expressed by 
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R1-R6 (Senti et al., 2000), Pak/Dock, a kinase and actin adaptor protein, respectively 

(Hing et al., 1999), and Jeb, an Alk kinase ligand protein (Bazigou et al., 2007). 

Expression of nonstop, a ubiquitin-specific protease, is required in marginal glia (Poeck 

et al., 2001).  

1.7.2. Pupal development 

i. Timeline 

Processes begun in larval development reach their conclusion in pupal 

development. Photoreceptor ingrowth into the optic lobe is complete by the end of the 

first 24 hours of pupariation, and R7 and R8 complete their targeting in the appropriate 

synaptic layers of the medulla before the last 24 hours. Of particular interest to this 

project are the processes that occur in the latter half of pupal development, during which 

time lamina neurons extend neurites that interact with the terminals of photoreceptors R1-

R6, and synaptogenesis occurs. Given the well documented roles glia play in 

synaptogenesis, this process is a particularly exciting potential target of glial Acsl 

function.  
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ii. Synaptic development 

In the adult fly, photoreceptor pre-synapses are organized into T-bars, which can 

be visualized through electron microscopy. The T-bar is formed by a pre-synaptic 

platform supporting a ribbon, or bar, which together form the shape of a ‘T’. The large 

platform protein bruchpilot (BRP) is an essential component of the pre-synaptic T-bar 

(Wagh et al., 2006), and immunostaining of BRP is commonly used as a marker for the 

pre-synapse in the Drosophila optic lobe. The post-synapse of the adult fly can be 

identified by its proximity to the pre-synapse, and by the presence of post-synaptic 

densities, which are electron dense areas close to the membrane, and/or post-synaptic 

cisterns, which are membranous structures located beneath the post-synapse and 

connected to the post-synaptic membrane (Nicol and Meinertzhagen, 1982a; 

Meinertzhagen and O’Neil, 1991).  

 Synaptogenesis begins approximately 60 hours after pupal formation (Frohlich 

and Meinertzhagen, 1982; Meinertzhagen, 1993). During synaptogenesis, the pre-

synaptic T-bar develops in concert with post-synaptic densities. In the adult, one pre-

synaptic T-bar in the photoreceptor is associated with four post-synaptic densities, which 
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derive from multiple lamina neuron subtypes, to form a ‘tetrad synapse’ (Meinertzhagen 

and O’Neil, 1991). Recently, the cell-cell contact proteins Dscam 1 and 2 were found to 

regulate synaptic specificity at these multi-contact synapses, acting to prevent elements of 

the same cell from associating with the same synapse (Millard et al., 2010; Schwabe et 

al., 2013; Bosch et al., 2015). In pupal development, only 24% of T-bars form a tetrad 

synapse at 87 hours after pupal formation. As synaptogenesis continues, this number 

increases, reaching 100% by 12 hours before eclosion (Frohlich and Meinertzhagen, 

1982; Meinertzhagen, 1993). Early in synaptogenesis, morphology of the pre-synapse is 

immature, featuring smaller pre-synaptic ribbons and the absence of post-synaptic 

cisterns, and does not attain its adult form until approximately 12 hours before eclosion 

(Frohlich and Meinertzhagen, 1982; Meinertzhagen, 1993).  

 Although electrical activity can be measured in the developing eye of closely 

related arthropods, and is assumed to also occur in Drosophila, synaptogenesis in the 

optic lobe is activity-independent (Hiesinger et al., 2006). Instead, synapses develop in 

proportion to the size of the cell surface of pre-synaptic neurons, which indicates that the 

pre-synaptic photoreceptor terminals are more influential in determining total synapse 
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number than post-synaptic lamina neurons (Nicol and Meinertzhagen, 1982b; Fröhlich 

and Meinertzhagen, 1983, 1987; Meinertzhagen and Fröhlich, 1983; Meinertzhagen, 

1989, 1993).  

 Roughly 1.6% of the plasma membrane of photoreceptor terminals is devoted to 

synaptic active sites (Nicol and Meinertzhagen, 1982a, 1982b; Meinertzhagen, 1993). 

This percentage is maintained throughout the growth of the terminals during neuropil 

expansion, suggesting that the number of synapses is actively regulated during 

development. Given the well-documented roles of glia in engulfment and removal of 

synapses during development (Eroglu et al., 2008; Schafer and Stevens, 2010, 2014; 

Schafer et al., 2012), it is possible that the regulation of synapse number is a glia-

dependent process. The gross number of synapses peaks at approximately 90 hours after 

pupal formation, and declines with age (Frohlich and Meinertzhagen, 1982). This decline 

in the number of synapses is accompanied by an increase in size of the remaining 

synapses, leaving the percentage of photoreceptor membrane occupied by synapses 

unchanged (Meinertzhagen, 1989, 1993).  
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iii. Synaptic plasticity in the adult 

Synapses in the optic lobe are not static after eclosion. While there is a small 

increase of approximately 10% in the number of synapses over the first day of 

development, after 24 hours of adulthood synaptic number decreases dramatically 

(Meinertzhagen, 1993; Barth et al., 1997). Synaptic density at 10 days of adulthood is 

only approximately 25% that of newly eclosed flies (Meinertzhagen, 1989, 1993). In 

addition, there is evidence of diurnal rhythmicity in the optic lobes, in which the number 

of synapses change over the course of a day, with peak synaptic density occurring at 

dawn and dusk (Pyza, 2002; Görlich and Sigrist, 2015).   

 

1.8. Scientific Questions Addressed by this Body of Work 

In synthesizing the above information, I developed three lines of inquiry I wished 

to address with this study. First I wished to address whether ACSL4 and its homologs 

have a function in glia. In the following section, I present evidence that Drosophila Acsl 

does in fact have a function in glia, and that expression of human ACSL4 in glia can 
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restore this function. Second, I wished to address whether glial Acsl functions in 

development. I present evidence below that conclusively demonstrates glial Acsl is 

required in development. Finally, I wished to address what the potential mechanisms of 

ACSL4 are in the nervous system. Based on the phenotype I characterize in the following 

section I propose that glial Acsl functions in synaptogenesis, and possibly gene 

transcription and actin dynamics in the Drosophila optic lobe.  
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CHAPTER II. METHODS 

2.1. Fly Culturing 

           Flies were cultured on low-yeast medium prepared on site. They were maintained 

in a 12hr/12hr light/dark cycle at 25oC and 60% humidity, except for heat shift 

experiments. 

 

2.2. Fly Stocks and Genetics 

The following driver lines used in this study were obtained from the Bloomington 

Drosophila Stock Center (BDSC): repo-Gal4, elav-Gal4, C.S. (Canton-S used as WT), 

tubulin-Gal4, alrm-Gal4, nrv2-Gal4, Mz97-Gal4, NorpA7(referred to as NorpA) and mmd-

Gal4. The following driver lines were a generous gift from Dr. Marc Freeman (University 

of Massachusetts Medical School): Gcm-Gal4, moody-Gal4, Mz0709-Gal4, as well as 

UAS-tdTomato (a fluorescent membrane marker); TIFR-Gal4 and Gal80ts; repo-Gal4 flies. 

Other drivers were obtained from the following sources: loco-Gal4 (Dr. Iris Salecker, 
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Francis Crick Institute), hisCl1-Gal4 (Dr. Roger Hardie, University of Cambridge). The 

following RNAis against Acsl were used: JF02811 (BDSC), HMS02307 (BDSC), and 

GD1638 (Vienna Drosophila Resource Center). Additionally, RNAi against Luciferase 

(Luc RNAi) for use as a control was obtained from the BDSC (JF03155). Finally, flies 

overexpressing human ACSL4 (isoform 2) under UAS control were obtained from the 

BDSC (stock # 32328). For rescue experiments, a stable line of UAS-ACSL4 and UAS-

JF02811 was created and crossed to TIFR-Gal4> UAS-tdTomato.  

 

2.3. ERG Recording and Quantification 

ERG recordings were performed as previously described (Chaturvedi et al., 2014), 

and standard ERG protocols were followed. Briefly, 1-3 day old adult flies were 

immobilized on a plastic box with a thin strip of tape. To record voltage change across the 

eye, a recording glass microelectrode filled with Ringer’s solution was placed on the eye 

surface, and the eye surface was gently scratched. A reference glass electrode filled with 

the same solution was placed on the thorax away from the wing. Two different protocols 
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were used to acquire the ERG. In the first, flies were stimulated with 3 5-second pulses of 

light separated by 7 seconds of darkness. In this protocol, the digital ERG signal was 

sampled at a rate of 505.5 Hz (sampling every 1.98 ms). In the second protocol, flies were 

stimulated by 4 5-second pulses of light separated by 15 seconds of darkness. In this 

protocol, the digital ERG signal was sampled at a rate of 250 Hz (sampling every 4 ms). 

While these two protocols differ, they both provide adequate recovery time between light 

pulses and adequately sample the ‘on’ and ‘off’ transients, each of which last 

approximately 100 ms, and thus were used interchangeably. In both protocols, flies were 

stimulated by light pulses at 4000 lux, and the analog signal was recorded and further 

amplified using a Warner IE210 Intracellular Electrometer, which filtered the signal at 200 

Hz. Before recording from experimental genotypes, the ERG set up was calibrated with 

C.S. controls. 

Before quantifying the ERG phenotype, traces were blinded by a third party so I 

was unaware of the genotype. Quantification of the ‘on transient’ and ‘off transient’ was 

performed by measuring the amplitude of each transient in each pulse in a trace, after which 

the values were averaged. In some genotypes, a percentage of traces lacked either the ‘on 
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transient’, or both the ‘on’ and ‘off’ transients. To represent the penetrance of these 

phenotypes, traces were binned into either “loss of on transient” or “loss of both transients” 

categories. Any trace with transients ≥0.1 mV was counted as having transients. Transients 

<0.1 mV were regarded as potential noise and the trace was counted as “loss of transient/s”. 

Importantly, traces lacking an ‘off transient’ always additionally lacked an ‘on transient’, 

although the reverse was not true.  

In some traces, the ‘off transient’ was cut off or obscured by noise. These traces 

were excluded from quantification of ‘off transient’ amplitude, and binning of ‘loss of both 

transients’. Otherwise, all traces were included in quantification. Thus, traces categorized 

as having a loss of one or both transients were not excluded from quantification of transient 

magnitude. This was done to ensure that quantification reflected the whole population 

tested. 

‘On transients’ were classified independently of the magnitude of photoreceptor 

depolarization for two reasons. First, in observing the controls in each experiment, I 

frequently observed traces with photoreceptor depolarizations less than 5mV with normal 

‘on transients’. Second, the post-synaptic receptors on lamina cells are “high gain”, 
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meaning that histamine within the synapse operates cooperatively to increase the open 

probability of the post-synaptic histamine channel, and that the post-synaptic channel can 

become saturated early in the light response (Stuart et al., 2007). Indeed, over a prolonged 

light response the post-synaptic lamina cell will reach peak hyper-polarization, then 

plateau, multiple times (Stuart et al., 2007). Thus, there is a level of independence between 

the photoreceptor depolarization and the lamina neuron hyperpolarization that produces 

the ‘on transient’.  

 

2.4. Behavioral Moving Bar Assay 

Behavior was tested using the moving bar assay. When presented with a visual 

stimulus moving in one direction, arthropods, including Drosophila, will move in the 

opposite direction. Thus, when flies are exposed to a visual stimulus of bars moving from 

left-to-right on a screen, the flies will move from right-to-left. For this assay, my lab 

developed 8 videos of visual stimuli. Each video featured black or gray bars moving from 

left-to-right across a white background, then from right-to-left. In the first video, the 
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contrast between the black bars and white background was 99.00%. In each subsequent 

video, the contrast between the bars and background was reduced so that any subtle 

differences in contrast sensitivity could be assessed between genotypes. For this assay, I 

prepared 50+ adult flies, either less than 3 days old or greater than 1 week old, of TIFR-

Gal4> Luc RNAi, TIFR-Gal4> Acsl RNAi, and NorpA genotypes. These flies were 

anesthetized with CO2 and transferred to a video screen where they were secured with a 

clear plastic cover, then the video screen was placed in darkness. The flies were given 30 

minutes to recover from anesthetization, then exposed to all 8 videos. Their response was 

captured on video for later analysis. In total, the assay was performed 3 or 4 times per 

genotype. To analyze these assays, I calculated the ratio of responding flies (those that 

moved to the expected edge of the screen) at the end of each video. 
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2.5. Histology and Imaging 

For immunolabeling with antibodies, the brains of 3 day old adults, third instar 

larvae, or mid-pupal animals were dissected in 1X phosphate-buffered saline (PBS), and 

fixed in PLB fixation solution (4% paraformaldehyde (PFA), 75 mM lysine, 37 mM 

sodium phosphate buffer, pH 7.4) for 20 min at room temperature. After 1 hour of blocking 

at room temperature with 5% fetal bovine serum in 0.3% Triton X-100 in 1X PBS, brains 

were incubated in primary antibody for 2 days at 4oC. After three 5-10min washes in 1X 

PBS containing 0.3% Triton X-100, brains were incubated in FITC/Cy5 secondary 

antibodies (1:200 (Sigma (F0257), Abcam (ab102732)), with or without phalloidin-

rhodamine (1:100) (ThermoFisher R415), for 2 hours at room temperature or overnight at 

4oC. The brains were then washed as previously stated and mounted in Vectashield medium 

(Vector Laboratories (H-1000)). Upon mounting, the brains were oriented so that the 

lamina faced up to assist with capturing parallel sections during imaging.  

The following primary antibodies were used: mouse anti-BRP 1:10 

(Developmental Hybridoma Studies Bank (DHSB) (nc82), guinea pig anti-repo 1:100-
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1:500 (a kind gift from Dr. Manzoor Bhat, University of Texas Health Center at San 

Antonio), and mouse anti-chaoptin 1:10 (DSHB, 24B10).   

Mouse tissue fixed in 4% PFA was obtained from Dr. Carlos Lois (California 

Institute of Technology). After blocking in 10% FBS in 1X PBS for 1 hour at room 

temperature, samples were transferred to primary antibody solution (goat anti-ACSL4 1:2, 

Santa Cruz Laboratories (sc-47997) and rabbit anti-GFAP 1:500, Abcam (ab7260)), and 

incubated at 4oC overnight. As a control, the anti-ACSL4 antibody was pre-absorbed using 

a commercially available ACSL4 peptide (Santa Cruz Laboratories (sc-47997 P)) at a 

concentration of 50mM. After washing 3 times for 5-10 min in 1X PBS, the samples were 

sequentially incubated with secondary antibody to eliminate cross reactivity: first with anti-

goat FITC conjugated secondary antibody (Sigma (F2016)) at 1:500 for 1 hour at room 

temperature, followed by 3 washes for 5-10min each, then with anti-rabbit Cy5 conjugated 

secondary antibody (Abcam (ab6564)) at 1:100 for 1 hour at room temperature. Samples 

were then washed for the final time as before, and mounted in Vectashield medium (Vector 

Laboratories (H-1000)). Coverslips were fixed to the slide with clear nail polish. Slides 

were stored in darkness at 4oC before and after imaging.  
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All images were captured using a Zeiss LSM5 PASCAL laser scanning confocal 

microscope equipped with a Zeiss 63x Plan-Apochromat oil-immersion objective. In all 

samples, pixel time was 3.20µs, line average was 8, optic slice size was 1µm in every 

channel, and z-step was .7µm. Larval z-stacks were between 30 and 40 slices, and mid-

pupal and adult z-stacks were between 50 and 60 slices. Further settings such as gain, 

offset, and laser strength were chosen based on control samples, and were used consistently 

within an experiment allowing for comparison of signal densities in control and Acsl RNAi 

samples. Z coordinates at the beginning and end of each stack were set manually, and were 

chosen to encompass as much of the lamina and medulla in parallel as possible, depending 

on the orientation of the sample. Each sample represents 1 optic lobe from 1 animal, so that 

1 z-stack was taken per animal. The optic lobe imaged was chosen based on orientation, 

such that the lamina and medulla could be captured in parallel. By eye, I saw no substantial 

difference in morphology between optic lobes within a single animal.  

I identified the lamina and medulla in mid-pupal and adult samples based primarily 

on their positions - the lamina is located directly beneath the retina, whereas the medulla 

is beneath the lamina and separated by the distal optic chiasm. The lamina also has a 
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notable crescent shape and the medulla is larger. Because the size and shape, although not 

the relative position, of these neuropils varied in Acsl KD animals, I also identified the two 

neuropils based on staining patterns. For example, BRP signal in the parallel lamina is 

organized into linear, vertical cartridges, whereas BRP signal in the parallel medulla is 

organized into horizontal synaptic layers. I also used perspectives from the entire z-stack 

to assist in identification. I identified the lamina in larval samples through the conspicuous 

3 layers of glial nuclei and band of chaoptin signal. I identified the marginal glia layer in 

larval samples by its distance from the optic stalk and eye disc (the marginal glia layer is 

furthest from these structures).  

 

2.6. Analysis of Developmental Stages 

i. Preparation of third instar larvae 

Third instar larvae were prepared by allowing fertilized females to lay eggs for a 

period of 2 hours to generate a population of staged embryos. After 110 hours, wandering 

third instar larvae were collected from these vials. Staging was verified by size. 
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ii. Preparation of pupae 

To prepare pupal time points, embryos were staged as before. At the end of larval 

development, white pupae were identified and allowed to continue development for either 

24-26, 48-50, 72-74, or 100-102 hours. Each subsequent time point was verified by the 

color of pupae and the appearance of morphological structures such as the Malpighian 

tubules (mid pupal development (50% pupae or P50). 

 

2.7. Temporal Restriction of RNAi Expression 

i. Experimental design 

Gal80 is a suppressor of Gal4 expression. The temperature sensitive variant of 

Gal80, Gal80ts, will function normally to suppress Gal4 expression at lower temperatures. 

However, at higher temperatures, Gal80ts is inactivated, and Gal4 expression is released 

from suppression. By shifting flies between 25oC and 29oC, I was able to temporally 

specify RNAi expression under repo-Gal4, which expresses in all glia (Fig 2.1.). For these 

experiments, I used the RNAi JF02811. Transferring embryos directly after egg laying to 
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29oC, thereby initiating repo-Gal4 driven RNAi expression at the beginning of 

development, proved to be fatal, a result consistent with the early lethality of homozygous 

Acsl null animals and our observation that expression of Acsl RNAi with tubulin-Gal4 is 

larval lethal. To compensate for this, I shifted larvae staged to the onset of second larval 

instar from 25oC to 29oC to initiate RNAi expression, where I maintained them until 

eclosion. To suppress RNAi expression in the adult phases of these animals, I shifted 

eclosed flies from 29 degrees to 25 degrees, where I maintained them for 10 days. This 

experimental procedure is referred to as ‘developmental expression’. In a complementary 

experiment, I raised flies at 25oC until eclosion, effectively suppressing RNAi expression 

in development. I then shifted these flies to 29oC for 10 days, allowing RNAi expression 

exclusively in the adult. This experimental procedure is referred to as ‘adult expression’. 

In each procedure, I analyzed flies driving expression of Acsl RNAi with repo-Gal4. I 

included flies driving Luc RNAi with repo-Gal4 as a control in both procedures. The 

control animals were subjected to the same temperature shifts at the same time as the Acsl 

RNAi animals.  
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Controls to address whether these temperature shifts had the desired effect on Gal4 

expression were not done in this study, as Gal80ts control of repo-Gal4 had been well-

established in my lab before these experiments were performed. Additional controls of 

maintaining flies at 29oC and 25oC throughout development and adulthood were not 

performed as raising flies at 29oC from egg laying is lethal (see above), and raising flies at 

25oC was deemed unnecessary after the ‘adult expression’ experiments were performed. 

 

ii. Collection for eclosion and 10-day analysis 

Because raising flies at higher temperatures increases their rate of development, 

‘developmental expression’ flies were heat-shocked for only 7 days until eclosion. I 
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collected recently eclosed flies, sorted them by genotype by removing flies with evidence 

of the tubby gene used to mark the balancer chromosome, and performed the ERG and 

dissection for morphological analysis within 8 hours. I also set aside a subset of these flies 

for analysis at the 10-day time point.  

 

2.8. Image Analysis 

i. Quantification of signal density 

To quantify the intensity of signal/area, I utilized the quantification interface of the 

volumetric analysis software Volocity (Perkin Elmer). Before quantification, each image 

was assigned a random number by a third party so I was not aware of the genotype. Because 

the signal intensity is dependent on the depth of the Z-slice within the tissue, I corrected 

each image stack by removing slices from the beginning or end that had either a mean pixel 

value above 230 or below 25 (pixel values ranged from 0-255). I identified the lamina and 

medulla as described above based on location, size, shape, and structural differences. 

Because both the lamina and medulla are curved structures, and change position in the XY 
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plane of a Z-stack, I defined each structure with multiple Regions Of Interest (ROIs) in the 

XY plane, each of which was limited to a subsection of the Z slices. I then identified and 

combined objects within those ROIs to generate a single 3D object containing either the 

lamina or the medulla. I verified that this object was limited to either the lamina or the 

medulla by eye. The mean pixel value, adjusted for volume (µm3), for either BRP or 

tdTomato signal was then calculated. 

ii. Quantification of nuclei density 

To quantify the number of marginal glia, I again used the quantification interface 

of Volocity. As before, each image was assigned a random number by a third party so I 

was not aware of the genotype during quantification. Because the entire optic lobe could 

not be captured in a single image at 63X, I adjusted all nuclei quantification for volume to 

be representative of the image captured instead of the entire optic lobe. I began by defining 

multiple Z-limited ROIs in the XY plane of the BRP or chaoptin channel as before, that 

encompassed either the proximal edge of the lamina, the distal optic chiasm, or the inner 

medullary neuropil (for pupal analysis I included the entire medullary neuropil as cell 

bodies were not restricted to just the inner medulla, and for larval analysis I included only 
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the proximal edge of the lamina). Having defined these ROIs, I then instructed Volocity to 

find objects in the repo channel within these ROIs using the same threshold and size 

parameters for each developmental stage. I verified by eye that the objects defined were 

individual repo nuclei, and that all repo nuclei were accounted for in the ROIs. I then 

calculated the number of repo objects, and adjusted this number for volume to arrive at a 

nuclei density in each ROI. For total marginal glia nuclei density in TIFR KD adults and 

mid-pupal animals, I calculated the average for all ROIs in each sample. 

iii. Analysis of morphology 

For morphological analysis where quantification was hindered by technical 

difficulties (e.g. analysis of glial processes), the images were again blinded by a third party. 

I then sorted and described the morphology of the images before revealing the genotype. 

In every case, the phenotype of Acsl knock-down (KD) was identifiably different from that 

of controls. 
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iv. Volume viewer and z-projections 

In order to view the morphology of the optic lobe in 3D, I utilized the Volume 

Viewer plugin and the z-project function in FIJI (National Institutes of Health). I used this 

method to identify and quantify the number of Acsl KD samples with ectopic neuropil, and 

to verify that the cell bodies of giant optic chiasm glia do not penetrate the medulla at mid-

pupal development or in adulthood.  

v. Penetrance analysis of morphology 

To calculate the penetrance of the mislocalized glia phenotype, I binned blinded 

images into either those having glial cell bodies in the medulla neuropil, or those having 

normal morphology of no glial cell bodies in the medulla neuropil. In my observation, 

control animals had 0 glia in the medulla neuropil, and Acsl KD animals had at least 4 

mislocalized glial cell bodies per animal. To calculate the penetrance of the ectopic 

neuropil phenotype, I binned blinded samples into either those having large structures 

dense in BRP signal in the distal and proximal optic chiasms, or those having normal 

morphology of no BRP dense structures in the chiasms. 
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2.9. Statistical Analysis 

All experiments where the phenotype was binned and results are expressed as % 

penetrance were analyzed using the chi-square test (see Appendix A. Table of 

Experiments). All values for quantification of signal density are expressed as mean ± SEM. 

The statistical significance for these analyses was assessed using an unpaired, 2-tailed t-

test (see Appendix A. Table of Experiments). All values for quantification of repo-positive 

nuclei are presented as mean ± SEM. Statistical significance for this analysis was assessed 

using multiple t-tests, one per category of marginal layer, distal optic chiasm, and 

medullary neuropil, which assumed the same scatter in each population and were adjusted 

for false discovery rate, or with an unpaired, 2-tailed t-test (see Appendix A. Table of 

Experiments). The statistical significance of behavior was assessed using 2-factor ANOVA 

analysis without repeated measures. The factors tested were genotype and contrast 

difference in the visual stimuli videos. Post-hoc analysis of behavior was performed using 

Tukey’s multiple comparisons test. All experiments were repeated in duplicate from at 

least 2 independent crosses, with 2 exceptions. The glial subtype specific Gal4 driver 

screen experiments were collected from 1 to 2 independent crosses, and the NorpA blind 
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control flies for the behavior assays were collected from a single vial of stock. All statistical 

analysis and result graphs were generated in GraphPad PRISM.  
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CHAPTER III. RESULTS 

3.1. Glial Acsl is Required for Neuronal Signaling 

3.1.1. Acsl is required in glia for the magnitude of neuronal signaling in the lamina. 

Acsl was initially uncovered as a gene regulating visual signaling in a RNAi 

screen of over 1,000 genes performed by my lab (unpublished data). To determine 

whether Acsl functions in glia as well as in neurons to regulate visual signaling, I 

specifically depleted Acsl from either glia or neurons, and recorded the 

electrophysiological function of the visual system. I focused my analysis on the ‘on’ and 

‘off’ transients of the ERG, as these represent activity in post-synaptic neurons and are 

necessary for visual transmission into the central brain. I was able to target Acsl RNAi to 

different tissues by driving expression with drivers specific to either neurons (elav-Gal4), 

or glia (repo-Gal4). Both elav-Gal4 and repo-Gal4 are generally considered to be specific 

post-mitotic drivers for neuronal and glial populations. While repo-Gal4 appears to be 

specific to glia, elav-Gal4 has been demonstrated to be transiently expressed in 

embryonic glia (Berger et al., 2007). However, at later stages of development, elav-Gal4 
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and repo-Gal4 can be used to drive expression specifically in neurons and glia, 

respectively.  

When Acsl RNAi was expressed in neurons, I observed no defects in the ‘on 

transient’ of the ERG trace compared to wild type Canton S (C.S.) controls. I observed no 

absence of the ‘on transient’ (C.S. n=23 penetrance = 0%, elav-Gal4> Acsl RNAi n = 15 

penetrance = 0%, p value = >.9999 (Chi-square)) (Fig 3.1. A and D), nor did I observe a 

decrease in the magnitude of the ‘on transient’ (C.S. n = 23 mean = 1.452±.1332, elav-

Gal4> Acsl RNAi n = 15 mean = 1.573±.1375, p value = >.5465 (2-tailed t-test)) (Fig 3.1. 

A and B). However, when Acsl RNAi was expressed in glia I observed a loss of the ‘on 

transient’, defined as an ‘on transient’ of <0.1mV (see Chapter II. Methods), in a majority 

of flies (C.S. n = 23 penetrance = 0%, repo-Gal4> Acsl RNAi n = 22 penetrance = 82%, p 

value = <.0001 (Chi-square)) (Fig. 3.1. A and D). I also observed a decrease in the 

magnitude of the ‘on transient’ (C.S. n = 23 mean = 1.452±.1332, repo-Gal4> Acsl RNAi 

n = 22 mean = .05909±.02917, p value = <.0001 (2-tailed t-test)) (Fig. 3.1. A and B). As 

discussed above, the ‘on transient’ is a measurement of the hyperpolarization of lamina 

neurons in response to photoreceptor release of histamine (Heisenberg, 1971; Coombe, 
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1986; Pantazis et al., 2008). Thus, I propose that the loss of the ‘on transient’ when Acsl 

levels are decreased by RNA interference indicates electrophysiological function in the 

lamina is compromised.  

To further characterize electrophysiological function in the lamina, I quantified 

the ‘off transient’, which represents the repolarization of lamina neurons after 

photoreceptors cease releasing histamine, as well as other signals in the optic lobe 

downstream of the lamina (Stuart et al., 2007; Pantazis et al., 2008). In neuronal knock-

down (KD) animals, I found a non-significant decrease in the magnitude of the ‘off 

transient’ (C.S. n = 23 mean = 5.483±.4595, elav-Gal4> Acsl RNAi n = 14, mean = 

3.957±.6114, p value = .0518 (2-tailed t-test)) (Fig 3.1. A and C). Despite this finding, I 

found no examples of an absent ‘off transient’ in any traces examined (Fig 3.1. A and D. 

Appendix A. Table of Experiments). In contrast, when Acsl RNAi was expressed in glia, 

I found a significant reduction in the magnitude of the ‘off transient’ (C.S. n = 23 mean = 

5.483±.4595, repo-Gal4> Acsl RNAi n = 22 mean = 2.045±.3857, p value = <.0001 (2-

tailed t-test)) (Fig 3.1. A and C). Moreover, I found that 4  
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of the 22 glial KD traces examined lacked both the ‘on transient’ and the ‘off 

transient’ (C.S. n = 23 penetrance = 0%, repo-Gal4> Acsl RNAi n = 22 penetrance = 

18%, p value = .0491 (Chi-square)) (Fig. 3.1. A and D). 
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These findings in glial Acsl KD were confirmed with two additional Acsl RNAi 

lines: HMS02307 (n = 10 80% loss of ‘on transient’ 20% loss of both transients, p value 

vs. wild type = <.0001 and .0852, respectively (Chi-square)), and GD1638 (n = 10 80% 

loss of ‘on transient’ 0% loss of both transients, p values vs. wild type = <.0001 and 

.3235, respectively (Chi-square)) (Fig 3.2).  

3.1.2. Acsl is required in marginal glia. 

To determine the specific glial lineage in which Acsl is required, I performed a 

targeted screen driving Acsl RNAi in different glial subtypes. I focused on glial subtypes 

present in, or close to, the lamina, as lamina function appears to be the most severely 

affected (Table 3.1). Of the multiple additional Gal4 drivers tested, only knock-down 

(KD) of Acsl with TIFR-Gal4 reproduced the ERG phenotype.  

TIFR-Gal4 was developed to drive expression in glia in the transient 

interhemispheric fibrous ring (TIFR) of the mushroom bodies during development (Hitier 

et al., 2000), and has since been used to drive expression in ensheathing neuropil glia in 

the central brain (Ziegenfuss et al., 2012). The exact time point at which TIFR-Gal4 
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becomes active in the optic lobe is not known; however, based on my observations of the 

developmental phenotype, and of larval brains in which TIFR-Gal4 drove expression of 

tdTomato prepared in the early third and second larval instar, it is active by the beginning 

of second larval instar.  

In the optic lobe, TIFR-Gal4 drives expression in the marginal glia layer of the 

lamina, strongly highlighting both cell bodies and processes within the distal optic 

chiasm and lamina, and the giant optic chiasm (GOC) glia of the proximal optic chiasm 

(Fig 3.4). This pattern of expression was consistent in all developmental phases I 

observed. Given that the ERG of Acsl RNAi animals has defects in the ‘on’ and ‘off’ 

transients, which are largely generated in the lamina, and the distance of the giant optic 

chiasm glia from the lamina, I propose that Acsl is required in marginal glia for lamina 

visual function.  

In TIFR-Gal4> Acsl RNAi animals, I found a significant reduction in the 

magnitude of the ‘on transient’ (TIFR-Gal4> Luc RNAi n = 17 mean = 1.341±.09965, 

TIFR-Gal4> Acsl RNAi n = 40 mean = .1600±.07965, p value = <.0001 (2-tailed t-test)) 

(Fig 3.1. A and B), as well as a significant reduction in the magnitude of the ‘off 
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transient’ (TIFR-Gal4> Luc RNAi n = 17 mean = 5.318±.3426, TIFR-Gal4> Acsl RNAi n 

= 40 mean = 2.420±.3444, p value = <.0001 (2-tailed t-test)) (Fig 3.1. A and C). 

Furthermore, I found a significant percentage of TIFR-Gal4> Acsl RNAi flies lacked the 

‘on transient’ (TIFR-Gal4> Luc RNAi n = 17 penetrance = 0%, TIFR-Gal4> Acsl RNAi n 

= 40 penetrance = 85%, p value = <.0001 (Chi-square)) (Table 3.1, Fig 3.1. A and D). I 

also found that 8 of 40 Acsl KD flies were missing both the ‘on’ and ‘off’ transients 

(TIFR-Gal4> Luc RNAi n = 17 penetrance = 0%, TIFR-Gal4> Acsl RNAi n = 40 

penetrance = 20%, p value = .0899 (Chi-square)) (Table 3.1, Fig 3.1. A and D).  

The ‘off transient’ represents secondary signaling both within and downstream of 

the lamina. While the magnitude of the ‘off transient’ is significantly reduced in both 

repo-Gal4 and TIFR-Gal4 Acsl KD flies, it is still present in the majority of both these 

populations. Thus, it is likely that the lamina retains some function in most Acsl KD flies. 

Furthermore, I was unable to uncover a defect in visual behavior using the moving bar 

assay with variable contrast (see Chapter II. Methods). The moving bar assay tests the 

ability of flies to detect bars moving across a background, and convert that information 

into behavioral output in which they move in the opposite direction of the bars. The bars 
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may have variable levels of contrast with the background, allowing one to test the flies’ 

ability to detect both contrast and motion. After exposing the flies to the different visual 

stimuli, the mean ratio of responding flies was calculated and the results were subjected 

to a two-factor analysis of variance (2-way ANOVA) (Fig 3.3).  

The assay was first performed on aged flies (1 week +) (Fig 3.3. A). Analysis of 

control RNAi, Acsl RNAi, and blind NorpA flies that lack all visual signal transmission 

of this age together demonstrated a significant difference in the factor of genotype (F (2, 

48) = 9.717, p value = .0003), indicating that the assay was able to differentiate between 

blind and non-blind flies.  

However, analysis of control RNAi and Acsl RNAi alone found no difference in 

the factor of contrast difference (F (7, 32) = 1.477, p value = .2107), indicating that the 

assay was unable to uncover any contrast sensitivity in either control or Acsl RNAi flies. 

Furthermore, post-hoc analysis using Tukey’s multiple comparisons test revealed no 

significant difference in any comparison. Visual transmission can degrade with age in 

control flies, with a natural degeneration of synapses and ERG transients over time,  
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leading aged flies to respond poorly to visual behavior assays. To address this, the assay 

was repeated on young flies no older than 3 days post-eclosion.  

In young flies, analysis of control RNAi, Acsl RNAi, and NorpA flies together 

demonstrated significant differences in the factors of both genotype (F (2, 72) = 294.4, p 

value = <.0001) and contrast difference (F (7, 72) = 8.283, p value = <.0001), indicating 

that the assay was able to pick up contrast sensitivity, and that the response differed 

between genotypes (Fig 3.3. B). In order to ensure that the blind NorpA flies were not 

solely responsible for the genotype effect, analysis was repeated on control RNAi and 

Acsl RNAi alone. In this analysis, there was a significant main effect of contrast (F (7, 

48) = 9.288, p value = <.0001), indicating that the assay was able to detect contrast 

sensitivity in these genotypes. However, the factor of genotype was not significant in 

comparing control RNAi to Acsl RNAi (F (1, 48) = 1.627, p value = .2083). These results 

indicate that the mean ratio of responding flies for each contrast value was not 

significantly different between TIFR-Gal4> Luc RNAi flies and TIFR-Gal4> Acsl RNAi 

flies across this range of contrast values (Fig 3.3. A).  
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Post-hoc analysis revealed significant differences when comparing both TIFR-

Gal4> Luc RNAi and TIFR-Gal4> Acsl RNAi flies to NorpA flies at every contrast level 

except the lowest, 19.04% contrast (p values all other contrast levels = <.0001, p values 

at 19.04% contrast = .1614, and .0326, respectively). When comparing response to 

contrast levels within a genotype, post-hoc analysis revealed that all TIFR-Gal4> Luc 

RNAi and TIFR-Gal4> Acsl RNAi responses to higher contrasts differed significantly 

from their response at the lowest contrast level, 19.04%, with three exceptions noted in 

Fig 3.3. B (p values ranging from .0481 to <.0001). All other comparisons within 

genotypes were non-significant, including all comparisons of NorpA responses at every 

contrast level. Finally, assessment of differences in response between TIFR-Gal4> Luc 

RNAi and TIFR-Gal4> Acsl RNAi at every contrast level revealed no difference.  
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Since the screen of glial subtype specific Gal4 drivers was designed to identify a 

useful driver for further analysis, and not to systematically rule out a potential function 

for Acsl in other glial subtypes, I can only draw tentative conclusions about why no 

phenotype was observed with the other drivers. Given the low number of samples tested 

(Table 3.1), it is possible that the other drivers produce a weak phenotype, or a phenotype 

with low penetrance. Also, it is notable that TIFR-Gal4 shares expression in marginal glia 

with other Gal4 drivers tested, namely alrm-Gal4 and loco-Gal4. It is possible that these 

other drivers do not express as strongly in marginal glia as TIFR-Gal4, or do not turn on 
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at the same time in development. Moreover, in the central brain, alrm-Gal4 drives 

expression in ‘astrocyte-like’ neuropil glia, while TIFR-Gal4 drives expression in 

‘ensheathing’ neuropil glia. Interestingly, the pattern of glial processes I observed when 

tdTomato, a fluorescent cell-membrane marker, was driven by TIFR-Gal4 indicates that 

marginal glia extend processes both into the lamina neuropil, as would astrocyte-like glia, 

and across the distal optic chiasm, as would ensheathing glia (Fig 3.4).  

Whether this means that marginal glia are a single population of cells 

demonstrating both astrocyte-like and ensheathing morphologies, or a mix of two 

populations that each demonstrate a single morphology, is further explored in the 

discussion. If the latter case is true, it might help further explain why a phenotype was 

only seen with TIFR-Gal4. 
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3.1.3. Conclusions 

 I have uncovered a requirement for Acsl in glia for visual neuron signaling. Acsl is 

specifically required in the marginal glia of the lamina.  

 

3.2. Loss of Glial Acsl Causes Morphological Defects 

3.2.1. Loss of glial Acsl causes mislocalization of marginal glia 

To determine a potential cause of the loss of the ‘on transient’, I examined the 

morphology of the optic lobe in adult TIFR-Gal4 KD flies. I prepared fly brains in which 

TIFR-Gal4 drove the expression of either Acsl RNAi or Luc RNAi, along with tdTomato 

to highlight TIFR expressing glia cell bodies and processes. I co-stained these brains with 

antibodies to the glial nuclear protein repo and the pre-synaptic protein bruchpilot (BRP). 

In the Drosophila optic lobe, BRP is used to define synaptically-dense neuropil 

structures. In these flies, I observed a number of morphological defects (Fig. 3.5). I found 

that TIFR-expressing glial cell bodies were abnormally localized in the second optic 

neuropil, the medulla in Acsl KD flies (Fig 3.5, Fig 3.6. B). These abnormally localized 
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glia had complex processes, and repo-positive nuclei. All of the Acsl RNAi samples 

analyzed displayed these mislocalized glia, and none of the control RNAi samples did 

(Luc RNAi n = 8 penetrance = 0%, Acsl RNAi n = 11 penetrance = 100%, p value = 

<.0001) (Fig 3.6. D).  

To quantify the number of abnormally localized glia, I calculated the density of 

repo-positive nuclei at the proximal edge of the lamina, in the distal optic chiasm, and the 

medullary neuropil. Quantification of nuclei number per µm3 revealed a significant 

increase in glia mislocalized to the medullary neuropil in Acsl RNAi flies vs. Luc RNAi 
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flies (Luc RNAi n = 8 mean = 0 ± 0, Acsl RNAi n = 10 mean = 1.371x10-2±.7326, p value 

= <.0001 (2-tailed t-test)) (Fig 3.6. B).  
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However, quantification of glial nuclei in the distal optic chiasm revealed a non-

significant increase in Acsl RNAi vs. Luc RNAi animals (Luc RNAi n = 8 mean = 

.5268x10-2 ± .1626, Acsl RNAi n = 10 mean = 1.259x10-2±.4838, p value = .3917 (2-

tailed t-test)) (Fig 3.6. B). Finally, quantification of nuclei in the marginal glia layer 

revealed no difference (Luc RNAi n = 8 mean = .6981x10-2 ±.3906, Acsl RNAi n = 10 

mean = .6817x10-2±.3211, p value = .8982 (2-tailed t-test)) (Fig 3.6. B). Quantification of 

the total number of repo-positive glia in all three areas revealed a non-significant increase 

in Acsl vs. Luc RNAi animals (Luc RNAi n = 8 mean = .4356x10-2 ±.1668, Acsl RNAi n 

= 10 mean = 1.309x10-2±.4467, p value = .1148 (2-tailed t-test)) (Fig 3.6. C). 

 To determine whether other TIFR-positive cell populations were affected by Acsl 

RNAi expression, I examined the morphology of the giant optic chiasm glia in the 

proximal optic chiasm. I found their morphology to be abnormal, their processes lacking 

the regular organization and homogenous distribution within the proximal chiasm seen in 

controls (Fig 3.7. A). To determine whether the giant optic chiasm glia contribute to the 

population of mislocalized glia in the adjacent medulla, I quantified the density of repo-

positive cell bodies within the proximal optic chiasm. I found no significant difference 
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between Acsl and Luc KD animals (Luc RNAi n = 7 mean = .4754x10-2 ±.2308, Acsl 

RNAi n = 7 mean = .7683x10-2±.1019, p value = .2681 (2-tailed t-test)) (Fig 3.7. B). 

The cell bodies of the giant optic chiasm glia may not penetrate the medulla, 

however I observed that in Acsl KD animals the giant optic chiasm glia extend faint 

processes into the medulla neuropil, whereas in Luc KD animals their processes remain 
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strictly segregated to the proximal chiasm (Fig 3.7. A). It is possible that Acsl KD giant 

optic chiasm glia communicate with the mislocalized marginal glia via their processes.  

There are no significant reductions in the number of nuclei in the marginal glia 

layer or in the giant optic chiasm glia layer, making the original location of the 

mislocalized glia in the medullary neuropil difficult to determine. One clue is that the 

mislocalized glia in the medulla neuropil are clearly connected to the glia occupying the 

distal chiasm and marginal glial layer through their processes (Fig 3.5, Fig 3.9. A). In 

contrast, the connection between the GOC glia and mislocalized glia is much weaker. In 

light of this, I propose that the mislocalized glia in the medulla are marginal glia, but I 

cannot rule out that giant optic chiasm glia also contribute to this population.  

Using signal from tdTomato driven by TIFR-Gal4, I was able to assess the 

distribution of marginal glia cell bodies and processes in the lamina, distal chiasm, and 

medullary neuropil. The cell bodies of glia in Acsl KD flies were randomly distributed in 

the distal chiasm. In contrast, in the medulla neuropil the cell bodies of glia were 

exclusively found in the inner medulla (Fig 3.9. A). BRP staining in the medulla of Acsl 

KD flies is disorganized, and precise identification of the synaptic layers these glial cell 
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bodies inhabit is not possible (Fig. 3.9. B). However, based on their location I believe 

them to be located in layers M6 through M8, close to the terminals of R7 and R8.  

3.2.2. Glia in the distal chiasm and medulla have abnormal processes 

Many glial functions are mediated through their elaboration of processes, 

including contact-dependent regulation of synaptic development (Garrett and Weiner, 

2009; Pfrieger, 2009), recycling of neurotransmitters (Marcaggi and Attwell, 2004; 

Barres, 2008; Allen and Barres, 2009), and buffering of extracellular ion concentrations 

(Walz, 1989; Silver and Ereciriska, 1992; Simard and Nedergaard, 2004).  

In an effort to indirectly address whether function may be compromised in Acsl 

KD glia, I analyzed the organization and density of their processes. The processes of 

normally localized marginal glia in control animals permeate the lamina neuropil, and 

extend from the proximal edge of the lamina to the cell body layer of the medulla. No 

TIFR-positive processes were observed in the medulla of adult control animals. In both 
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the lamina and the chiasm, the processes of normally localized marginal glia in control 

animals are well organized, and exhibit a regular pattern (Fig 3.8, Fig 3.10. A).  

In the lamina, this pattern is of lines of punctate elements, most likely 

representing association with lamina cartridges. These lines of puncta were 

homogenously distributed in the neuropil with a slight increase in density at the proximal 

edge. In the distal chiasm, this pattern is of regularly spaced smooth columns, most likely 

representing ensheathing of the processes of R7 and R8. In the distal chiasm of control 
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animals, the processes of glia extend from the proximal edge of the lamina to the distal 

edge of the medulla.  

In Acsl KD animals, these processes continue on to penetrate the outer medulla 

neuropil (Fig 3.8, Fig 3.10. A). Moreover, in Acsl KD animals, these chiasm processes 

are not organized into smooth columns, nor are they as homogenously distributed 
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throughout the chiasm as those in controls, instead having large gaps in tdTomato signal. 

In the medulla, the processes of mislocalized glia are diffuse in the outer medulla, 

elaborating in complex, branching patterns, but generally do not extend below the cell 

body into the inner medulla (Fig 3.9. A and B).  

Within the lamina neuropil, processes in control animals are well organized and 

exhibit a regular pattern of linear punctate elements. In Acsl KD animals, this basic 

organization is retained (Fig 3.10. A). Analysis of the total density of tdTomato signal, 

which labels glial membranes, in the lamina neuropil showed no significant difference 

between Acsl and Luc KD animals (Luc RNAi n = 8 mean = 43.83 ±3.459, Acsl RNAi n 

= 11 mean = 58.39 ±9.991, p value = .2477 (2-tailed t-test)) (Fig 3.10. B), indicating that 

glia elaborate sufficient processes in Acsl KD flies.  
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In light of the specific effect of Acsl RNAi KD on lamina neuronal signaling, the 

observation that organization and density of marginal glia processes in the lamina is 

grossly unchanged is significant. Based on this result, I propose that a physiological or 

biochemical function of glia, rather than a structural one, is responsible for the loss of the 

‘on transient’. 

3.2.3. The lamina and medulla are anatomically connected by ‘ectopic neuropil’ 

when Acsl levels are reduced in glia 

In control animals, the lamina and medulla neuropil are always clearly separated 

in space by the distal optic chiasm, which forms two discrete BRP-positive structures. 

However, in Acsl KD animals the chiasm is punctuated by scattered BRP signal. In 55% 

of Acsl KD flies, this BRP signal forms one or more discrete, tuberous structures which 

occupy the chiasm and physically joins with both the lamina and the medulla (Luc RNAi 

n = 8, Acsl RNAi n = 11, p value = .0181 (Chi-square)) (Fig 3.11. A and B). I also 

observed similar BRP rich structures in the proximal optic chiasm (Fig 3.11. C), which 

joined with both the medulla and lobula. These structures were large, and generally 

located towards the periphery of the optic lobe. One of the primary characteristics that 
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separates neuropils from surrounding areas are their synaptic density. Thus, I have termed 

these BRP-rich structures ‘ectopic neuropil’.  
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The ectopic neuropils I observed share many features with the medulla, being rich 

in TIFR-positive glial cell bodies and processes, and lacking the columnar organization 

of BRP and tdTomato typical of the lamina (Fig 3.11. A). Additionally, the medulla is the 

common neuropil involved in these ectopic structures, which occupy the chiasms on 

either side of the medulla as described above. I therefore propose that the ectopic 

neuropils represent outgrowth of the medulla, perhaps facilitated by mislocalized glia, 

that then connect with the adjacent neuropil on either side. However, I cannot rule out 

that ectopic neuropils arise independently of the endogenous neuropils with which they 

join. Likewise, I cannot conclude that these ectopic neuropils have any 

electrophysiological activity of their own, or that they allow neuronal signals to pass from 

the lamina to the medulla.  

It is worth noting that the penetrance of ectopic neuropil is different from the 

penetrance of either the loss of the ‘on transient’ or the misplacement of glia, both of 

which are present in over 80% of TIFR Acsl KD animals. This may represent variable 

levels of RNAi expression within the KD population, with the more severely affected 

individuals exhibiting ectopic neuropils. Therefore, the ectopic neuropils described here 
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may not be causally related to the ERG phenotype. This result is somewhat surprising, as 

it could be expected that the ectopic neuropils disrupt electrophysiological barriers 

around the neuropil, or that they inappropriately propagate signal from one neuropil to 

another, and thus would directly affect the transients of the ERG. It may instead be the 

case that these ectopic neuropil are not electrophysiologically active, and thus represent a 

purely morphological defect with no impact on the ERG or neuronal function.  

3.2.4. BRP signal is not significantly reduced in the lamina of Acsl KD flies 

As discussed above, BRP is a marker for the pre-synapse. Ample evidence 

demonstrates that the number of synapses developed in the lamina is largely determined 

by the pre-synapse and pre-synaptic cell (Frohlich and Meinertzhagen, 1982; Fröhlich 

and Meinertzhagen, 1983, 1987; Meinertzhagen and Fröhlich, 1983; Meinertzhagen, 

1993). In many cases, pre-synaptic markers, such as BRP, are used as a measurement of 

the density of synapses in neuropil of the optic lobe, although effects on the post-synapse 

cannot be conclusively determined with this method. In order to further explain the loss 

of the ‘on transient’ in Acsl KD flies, I quantified the density of BRP signal in the lamina 

using the volumetric analysis (see Chapter II. Methods). To remove the confounding 
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effects of age-dependent reduction in synaptic density and diurnal synaptic rhythmicity, 

brains were prepared 3 days after eclosion with age-matched internal controls for 

comparison. All brains were prepared with ± 2 hours of mid-day to control for diurnal 

variation in synapse density. 

In TIFR-Gal4 Acsl KD flies, the density of BRP signal in the lamina neuropil was 

non-significantly reduced compared to controls (Luc RNAi n = 8 mean = 116 ±10.74, 

Acsl RNAi n = 11 mean = 100.2 ±5.281, p value = .1707 (2-tailed t-test)) (Fig 3.12. A 

and B).  
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It was clear that within the lamina, BRP remained normally organized, arranging 

into discernible linear cartridges in parallel sections, and homogenously distributed 

throughout the neuropil (Fig 3.12. A). This result suggests that the association of 

photoreceptors with lamina neurons and the subsequent development of the lamina 

cartridges proceeds normally despite glial KD of Acsl.  

While the electrophysiological phenotype appears to mainly affect the transients 

of the ERG, which reflect function of the lamina, the medulla was found to contain 

mislocalized TIFR+ glia in my initial morphological analysis. To determine whether 

synaptic number was affected in this neuropil, I quantified synaptic density as described 

previously. This quantification revealed a non-significant increase in Acsl vs. Luc RNAi 

populations (Luc RNAi n = 7 mean = 120.2±9.79, Acsl RNAi n = 7 mean = 140.4±9.132, 

p value = .1577 (2-tailed t-test)) (Fig 3.12. C). In addition, BRP signal in the medulla of 

Acsl KD flies appears disorganized, without the characteristic horizontal synaptic layers 

found in controls (Fig 3.9. B, red arrows). The impact of this disorganization is difficult 

to determine, as the medulla neuropil is too far from the surface of the eye for its activity 

to be reliably measured in the ERG, and the optomotor assay with contrast difference 
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(Fig 3.3) is designed to test motion and contrast vision processed by lamina neurons 

(Melnattur and Lee, 2011; Melnattur et al., 2014). 

3.2.5. ACSL4 rescues the morphology of Acsl KD flies 

 To assess whether there is functional homology of human ACSL4 and Drosophila 

Acsl in glia, I prepared brains from flies co-expressing human ACSL4, Drosophila Acsl 

RNAi or Luc RNAi, and tdTomato under TIFR-Gal4, and co-stained these samples with 

repo and BRP antibodies. I found that while all of the Acsl KD fly brains examined had 

mislocalized glia, only 43% of ACSL4 rescue flies did, and 0% of control flies did (Luc 

RNAi n = 6, Acsl RNAi + ACSL4 n = 14, Acsl RNAi alone n = 11) (Fig 3.13. A and B). 

The p value between control and Acsl RNAi + ACSL4 flies was .1149 (Chi-square), and 

the p value between Acsl RNAi + ACSL4 and Acsl RNAi alone flies was .0029 (Chi-

square), indicating significant rescue of the morphological phenotype by the human 

homolog (Fig 3.13. B). Moreover, I found evidence of ectopic neuropil in only 1 of the 

14 rescue fly brains examined, indicating a reduction in the severity of the phenotype 

(Luc RNAi n = 6 penetrance = 0%, Acsl RNAi + ACSL4 n = 14 penetrance = 7%, Acsl 

RNAi alone n = 11 penetrance = 55%) (Fig 3.13. C). The p value between control and 
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Acsl RNAi + ACSL4 flies was >.9999 (Chi-square), and the p value between Acsl RNAi + 

ACSL4 and Acsl RNAi alone flies was .0213 (Chi-square), again indicating a significant 

rescue of the morphological phenotype (Fig 3.13. C). 
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3.2.6. Conclusions 

Acsl KD in marginal glia causes two major morphological defects: mislocalization 

of marginal glia in the medullary neuropil, and the development of ectopic neuropil. Of 

these defects, only the mislocalization of glia is present in a similar penetrance to the 

ERG phenotype, indicating that ectopic neuropil likely does not underlie this particular 

physiologic defect. Importantly, all the morphological defects observed in Acsl KD flies 

were rescuable by ACSL4 expression, demonstrating the functional homology of human 

ACSL4 and Drosophila Acsl in glia.  

 

3.3. Glial Acsl is Required in Development 

3.3.1. Marginal glia migrate to the lamina 

In Acsl KD adults, marginal glia are mislocalized in the medullary neuropil. To 

determine whether their mislocalization was due to defects in migration, I examined 

wandering third instar larvae. At this point in time, lamina glia have largely migrated to 

the nascent lamina, and are arranged in three layers: cortex, epithelial, and marginal. To 



99 
 

determine whether marginal glia successfully migrate to their appropriate layer in the 

lamina, I prepared larvae expressing either Acsl RNAi or Luc RNAi, along with 

tdTomato, using TIFR-Gal4. I co-stained the larval brains with repo and chaoptin, a 

photoreceptor marker labeling R1-R8 (Van Vactor et al., 1988).  
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In the wandering third instar larvae, I observed three layers of glia in the 

developing lamina in control and Acsl KD animals (Fig 3.14. A). Quantification of the 

number of glial nuclei in the marginal glia layer revealed no significant difference 
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between Acsl RNAi vs. Luc RNAi populations (Luc RNAi n = 8 mean = .4441 ±.2007, 

Acsl RNAi n = 13 mean = .3692x10-2 ±.09645, p value = .7102 (2-tailed t-test)) (Fig 3.14. 

B).  

Although marginal glia were present at the lamina in normal numbers, I did 

observe abnormalities in the organization of their processes (Fig 3.15. A and B). First, in 

the marginal glia layer of Acsl KD larvae I observed gaps in the tdTomato signal. There 

was no corresponding absence of nuclei in these gaps, indicating that the glial cells were 

present but were not elaborating processes at the same density as their neighbors (Fig 

3.15. A and B, arrowheads). Second, I observed gaps in the tdTomato signal extending 

below the marginal glia layer, that in some cases were associated with groups of repo+ 

TIFR- nuclei (Fig 3.15. A and B, arrows). These results suggest that in Acsl KD, glial 

processes are abnormal in the third larval instar.  

Marginal glia have a documented function in the third larval instar, acting as 

temporary targets for photoreceptors R1-R6, which terminate in the lamina until lamina 

neurons can migrate into the nascent neuropil (Poeck et al., 2001; Rangarajan et al., 

2001). In both Acsl KD and control animals, chaoptin staining reveals a strong band of 
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photoreceptor termini between the epithelial and marginal glia layers of the lamina, and 

normal extension of R7 and R8 into the developing medulla (Fig 3.14. A). Together, 

these results provide evidence that marginal glia correctly migrate to the lamina, and 

function to provide a ‘stop’ signal to photoreceptors R1-R6, in both Acsl and Luc KD 

populations.  

3.3.2. Marginal glia are mislocalized in mid-pupal development 

Having established that marginal glia migrate to their positions at the proximal 

edge of the lamina in the larvae, I sought to determine whether these glia move from their 

positions later in development. For this analysis, I prepared brains from multiple stages of 

pupal development. These brains expressed either Acsl RNAi or Luc RNAi, as well as 

tdTomato, under TIFR-Gal4 as before. In addition, I co-stained with repo and chaoptin, 

as BRP is not expressed until the later stages of pupal development. I focused my 

analysis on pupae prepared between 48 and 50 hours after pupariation. This time point 

represents mid-pupal development, or 50% pupae (P50). P50 occurs after the neuropils of 

the optic lobe rotate from their larval to their adult orientations (Meinertzhagen, 1993). 

Identifying mislocalization of marginal glia depends upon their relationship to the 
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lamina; thus, identifying mislocalization while the lamina is in flux is difficult. However, 

by P50, the pupal brain is morphologically comparable to the adult brain. In P50 brains of 
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Acsl KD flies, marginal glia have exited their normal positions, and occupy the distal 

optic chiasm and medulla neuropil. Quantification of the density of glial nuclei in the 

marginal glia layer demonstrated a slight, although not statistically significant, increase 

relative to control (Luc RNAi n = 8 mean = .4839 ±.04411, Acsl RNAi n = 9 mean = 

.7864x10-2 ±.1587, p value = .2483 (2-tailed t-test)) (Fig 3.16. B).  

Interestingly, expression of tdTomato in this layer is significantly reduced in Acsl 

KD animals (Fig 3.16. A), suggesting either that a non-TIFR expressing population of 

cells also resides at the proximal edge of the lamina during pupal development, or, more 

likely, that while the majority of marginal glia cell bodies remain in their appropriate 

layer at this time, their processes are not as numerous or as developed as glia in control 

animals. This result may reflect the preparation of glia to exit the proximal edge of the 

lamina.  

In contrast, there were significant increases in mislocalized glia in the chiasm 

(Luc RNAi n = 8 mean = 1.008 ±.2272, Acsl RNAi n = 9 mean = 1.93x10-2 ±.4395, p 

value = .006850 (2-tailed t-test)) and medulla (Luc RNAi n = 8 mean = 0 ± 0, Acsl RNAi 

n = 9 mean = 1.494x10-2 ±.5513, p value = .002601 (2-tailed t-test)) (Fig 3.16. B). 
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Quantification of the total number of glial nuclei in all three areas revealed that Acsl KD 

animals have a statistically significant increase (Luc RNAi n = 8 mean = 1.492 ±.1933, 

Acsl RNAi n = 9 mean = 4.6x10-2 ± 1.073, p value = .0129 (2-tailed t-test)) (Fig 3.16. C). 

In the medulla, the glial cell bodies are largely located in the inner medulla, below 

synaptic layer M6 where R7 photoreceptors terminate (Fig 3.17) (Fischbach and Dittrich, 

1989). In a subset of samples, however, I observed glial cell bodies within layer M6, 

between R7 termini, or within the outer medulla. This distribution throughout the medulla 
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at P50 is in sharp contrast to the adult, in which glial cell bodies are exclusively located 

in the inner medulla (Fig 3.9).  
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Unlike the adult, the processes of the mislocalized medullary glia in P50 animals 

are neither complex nor distinct, and do not become so until the last 24 hours of pupal 

development (Fig 3.17, data not shown). Consistent with the above results, it is possible 

that the mislocalized glia have recently arrived in the medulla at P50, and are only 

beginning to incorporate themselves into the surrounding neuropil through the 

elaboration of processes.  

In Luc KD control animals, normally localized marginal glia processes traverse 

the chiasm in an organized fashion at P50, forming smooth columns that are most likely 

ensheathing the processes of R7/R8, and accompany the terminals of R7 and R8 into the 

medullary neuropil. In Acsl KD animals, the processes of the mislocalized chiasm glia are 

disorganized at this developmental stage, both within the chiasm itself, and in the 

medulla (Fig 3.18. A and B). Processes do not organize into regularly spaced, smooth 

columns in parallel with the lamina cartridges, as in the control animals, but rather appear 

random, branching perpendicularly to the lamina cartridges, and occasionally 

accumulating into dense clusters. 
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As in the third larval instar, photoreceptor targeting at P50 is grossly normal, with 

clear termination of photoreceptors in the lamina and medulla (Fig 3.17, Fig 3.18. A). 

However, the organization of R7 and R8 processes as they traverse the distal chiasm in 

Acsl KD animals is disordered, most likely due to physical disruption by mislocalized 

chiasm glial cell bodies (Fig 3.18. A and B). Indeed, glial cell bodies within the chiasm 

appear in clusters, and are closely associated with the processes of R7/R8. In spite of this 

disruption in the chiasm, R7 and R8 terminals still appear to target to the correct 

medullary synaptic layers, although the terminals are disorganized within the medullary 

neuropil (Fig. 3.17). In control animals, R7 and R8 termini are regularly spaced, linear, 

and easily distinguishable from their neighbors. In Acsl KD animals, R7 and R8 termini 

are serpentine, rendering it difficult to distinguish individual termini.  

3.3.3. Temporal restriction of Acsl RNAi expression to development or adulthood 

i. Experimental design 

The phenotype of mislocalized glia seen in adult Acsl KD animals is present as 

early as the P50 stage, suggesting that Acsl functions in development. To determine this 
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genetically, I temporally restricted the expression of Acsl RNAi or Luc RNAi to either 

development or adult phases, using the Gal80ts system (see Chapter II. Methods, Fig 2.1). 

In these experiments, the RNAi JF02811 was driven by repo-Gal4. ERG and morphology 

were examined at eclosion and after 10 days of adulthood. For morphological analysis, I 

co-stained prepared brains with repo and BRP antibodies, to stain glial nuclei and pre-

synapses, respectively, and phalloidin-rhodamine to visualize F-actin. 

ii. Developmental expression of RNAi 

After expressing dsRNA from the onset of second larval instar to eclosion, I 

analyzed the ERG and morphology of the optic lobe, both at eclosion and after 10 days of 

adulthood without dsRNA expression. In newly eclosed flies, I observed a significant 

reduction in the magnitude of the ‘on transient’ in Acsl KD flies (repo-Gal4> Luc RNAi n 

= 15 mean =1.133±.1563, repo-Gal4> Acsl RNAi n = 21 mean = .381±.1073, p value = 

.0002 (2-tailed t-test)) (Fig 3.19. A and B). Additionally, I observed a significant 

percentage of Acsl KD animals with a loss of the ‘on transient’ (repo-Gal4> Luc RNAi n 

= 15 penetrance = 0%, repo-Gal4> Acsl RNAi n = 21 penetrance = 52%, p value = .0008 

(Chi-square)) (Fig 3.19. A and D). In contrast, I observed no significant difference in the  
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magnitude of the ‘off transient’ (repo-Gal4> Luc RNAi n = 15 mean = 2.379±.406, repo-

Gal4> Acsl RNAi n = 21 mean = 1.79±.3453, p value = .2791 (2-tailed t-test)) (Fig 3.19. 

A and C). Nor did I observe any traces with a loss of both ‘on’ and ‘off’ transients in 

either the Luc RNAi or Acsl RNAi populations (Fig 3.19. A and D, Appendix A. Table of 

Experiments). 

After 10 days of adulthood without RNAi expression, I still observed a significant 

reduction in the magnitude of the ‘on transient’ (repo-Gal4> Luc RNAi n = 9 mean = 

1.267±.1972, repo-Gal4> Acsl RNAi n = 8 mean = .125±.125, p value = .0003 (2-tailed t-

test)) (Fig 3.19. A and B), as well as a significant percentage of Acsl KD flies with a loss 

of the ‘on transient’ (repo-Gal4> Luc RNAi n = 9 penetrance = 0%, repo-Gal4> Acsl 

RNAi n = 8 penetrance = 88%, p value = .0003 (Chi-square)) (Fig 3.19. A and D).  

At this time point, the magnitude of the ‘off transient’ is significantly reduced 

(repo-Gal4> Luc RNAi n = 9 mean = 3.9±.5367, repo-Gal4> Acsl RNAi n = 8 mean = 

.575±.4057, p value = .0002 (2-tailed t-test)) (Fig 3.19. A and C). Moreover, I observed a 

significant percentage of Acsl KD traces with a loss of both the ‘on’ and ‘off’ transients 

(repo-Gal4> Luc RNAi n = 9 penetrance = 0%, repo-Gal4> Acsl RNAi n = 8 penetrance 
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= 75%, p value = .0023 (Chi-square)) (Fig. 3.19. A and D). These results indicate a 

progression of the phenotype over time, in which visual neuron signaling is more 

severely affected after 10 days of adulthood, despite the presumed restoration of Acsl 

protein production after eclosion.  
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At eclosion, neither the Acsl RNAi nor the Luc RNAi populations had 

mislocalized glia in the chiasm or medulla, nor did I observe ectopic neuropil in any flies 

(Luc RNAi n = 8, Acsl RNAi n = 9, p value = >.9999 (Chi-square)) (Fig 3.21. A). 

However, using volumetric analysis as before, I did find a significant reduction in the 

density of BRP signal in the lamina at eclosion (Luc RNAi n = 8 mean = 92.62±7.682, csl 

RNAi n = 9 mean = 70.2±6.392, p value = .0390 (2-tailed t-test)) (Fig 3.20. A and B). 

This reduction in BRP density is consistent with the non-significant reduction observed in 

TIFR-Gal4 adult KD flies; however, the reduction may be more prominent in this 

experiment because Acsl RNAi is driven by the pan-glial driver repo-Gal4. It is possible 

that in the TIFR-Gal4 KD experiments, other glial subtypes compensate for the reduction 

of Acsl function in marginal glia.  

Moreover, the separation of the electrophysiological and mislocalized glia 

phenotypes suggests that Acsl regulates physiology and morphology through at least two 

different mechanisms. This result also indicates that the underlying mechanisms 

producing the physiological phenotype can be attributed to pupal development, because 
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in this experiment Acsl RNAi expression does not begin until the second larval instar and 

reduction of Acsl protein would not have been maximal immediately.  



115 
 

After 10 days of adulthood without dsRNA expression, BRP density in control 

animals was not significantly higher than that in Acsl KD animals (Luc RNAi n = 6 mean 

= 96.59±9.13, Acsl RNAi n = 7 mean = 107.7±5.373, p value = .2995 (2-tailed t-test)). 

(Fig 3.20. C and D). Given the progression in the ERG phenotype described above, this 

result was unexpected, and indicates that reductions in BRP/synapse density are unlikely 

to be solely responsible for the observed defects in electrophysiology. Further 

morphological analysis revealed that 57% of 10 day adult Acsl KD animals had a 

population of mislocalized glia in the medulla (Luc RNAi n = 6, Acsl RNAi n = 7, p 

value = .0261 (Chi-square)) (Fig 3.21. B and C). This result is significant for three 

reasons. First, it demonstrates that Acsl KD in development has long term effects on 

morphology in the adult, regardless of resumption of Acsl protein expression. Second, it 

demonstrates that glia lacking Acsl expression in development are capable of motility in 

the adult, even if Acsl expression is restored. Third, the long temporal separation between 

Acsl RNAi expression and the appearance of mislocalized glia suggests that Acsl 

regulates at least this aspect of morphology through a long-term mechanism. 
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iii. Adult expression of RNAi 

After suppressing RNAi throughout development, and releasing Acsl-targeting 

dsRNA expression in adulthood, I analyzed the ERG and optic lobe morphology, both at 

eclosion and after 10 days of adult RNAi expression. As expected, at eclosion I observed 

no significant difference in the magnitude of the ‘on transient’ (repo-Gal4> Luc RNAi n 

= 10 mean = 1.24±.1887, repo-Gal4> Acsl RNAi n = 16 mean = 1.25±.1571, p value = 

.9682 (2-tailed t-test)) (Fig 3.22. A and B), or in the magnitude of the ‘off transient’ 

(repo-Gal4> Luc RNAi n = 10 mean = 3.10±.6939, repo-Gal4> Acsl RNAi n = 15 mean = 

3.693±.4682, p value = .4684 (2-tailed t-test)) (Fig 3.22. A and C).  

Nor did I observe any traces with either a loss of the ‘on transient’ or a loss of the 

‘on’ and ‘off’ transients in any trace examined (Fig 3.22. A and D, Appendix A. Table of 

Experiments). After 10 days of RNAi expression in the adult, I did not observe a 

reduction in the magnitude of the ‘on transient’ (repo-Gal4> Luc RNAi n = 11 mean = 

1.391±.2078, repo-Gal4> Acsl RNAi n = 18 mean = 1.30±.1901, p value = .7586 (2-tailed 

t-test)) (Fig 3.22. A and B), or in the magnitude of the ‘off transient’ (repo-Gal4> Luc 

RNAi n = 11 mean = 3.218±.4319, repo-Gal4> Acsl RNAi n = 18 mean = 2.60±.3711,  
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p value = .2984 (2-tailed t-test)) (Fig 3.22. A and C). I also did not observe any traces 

with a loss of the ‘on transient’ or both transients (Fig 3.22. A and D, Appendix A. Table 

of Experiments). Analysis of morphology revealed no defect in Acsl RNAi flies at either 

eclosion or in 10 day old flies, whether in BRP density in the lamina, or in the proportion 

of animals with mislocalized glia (Fig 3.23. A and B) (see Appendix A. Table of 

Experiments for more information). These results suggest that Acsl is not required in the 

adult, either for the presence of the ‘on transient’, the normal localization of glia, or 

normal synaptic density. 
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3.3.4. Conclusions 

Consistent with the finding that Acsl KD does not affect glial migration, I found 

no evidence of a defect in photoreceptor targeting, and could observe the wild type two 

layers of chaoptin staining in both larvae and pupae. While Acsl does not appear to have a 

significant effect on glial migration, I have substantial evidence that it does mediate the 

stability of glial localization. Glia are mislocalized by P50 when Acsl RNAi is expressed 

throughout development, and are mislocalized by 10 days of adulthood, but not at 

eclosion, when Acsl RNAi is expressed between second larval instar and eclosion.  

The delay between Acsl RNAi expression and glial mislocalization in the latter 

experiment suggests that Acsl regulates glial stability through a long-term mechanism, 

such as gene expression or modification of extra-cellular proteins with low turnover.  

While it is clear that Acsl is required during development, this gene appears to 

function through at least two separate pathways to mediate its electrophysiologic effects, 

loss of the ‘on transient’, and morphologic effect, misplacement of glia. Furthermore, the 

electrophysiologic and morphologic effects can be tentatively divided in the early and 
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late developmental mechanisms. First, loss of the ‘on transient’ and the reduction in BRP 

signal both appear to arise in late development, based on the results of late-developmental 

expression of Acsl-dsRNA reported here, and the observation that BRP is not expressed 

in the optic lobe until late pupal development (Meinertzhagen, 1993). Second, while 

marginal glia are present at the lamina in normal number by the wandering third instar 

stage, their processes are abnormal, perhaps indicating alterations in actin dynamics. The 

fact that morphological defects in marginal glia are present at this stage is consistent with 

an early developmental mechanism for the glial mislocalization seen in the adult. Finally, 

loss of Acsl in glia at the P50 stage seems to confer some survival benefit, as the total 

density of marginal glia are increased. This benefit must be temporary, however, since in 

the adult stage, there is no significant difference in the total density of marginal glia.  
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3.4. ACSL4 is Expressed in Mammalian Glia 

3.4.1. ACSL4 staining co-localizes with mammalian glial markers 

While I have demonstrated functional homology between human ACSL4 and 

Drosophila Acsl, expression of ACSL4 protein in human glia had not been confirmed 

previously through immunohistochemistry. To determine whether ACSL4 protein is 

expressed in human glia, I co-stained wild type mouse brain sections with GFAP, an 

astrocyte glial marker, and ACSL4 antibodies (n = 4). As a control, I pre-absorbed the 

ACSL4 antibody with a commercially available peptide used to raise the ACSL4 antisera, 

to demonstrate specificity of the antibody (n = 2). I examined hippocampal sections, 

which are rich in GFAP-positive astrocytes, and were previously shown to contain 

ACSL4-expressing cells (Cao et al., 2000a; Meloni et al., 2009).  

I found extensive co-localization of ACSL4 with GFAP-positive astrocyte 

processes and cell bodies, as well as ACSL4 staining of neuronal cell bodies (Fig.3.24. A 

and B). When pre-absorbed, ACSL4 staining of GFAP-positive astrocytes was largely 

eliminated (Fig 3.24. C). These results are consistent with the high-throughput mRNA 
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expression data recently published (Zhang et al., 2014; Seeger et al., 2016), which 

confirms that ACSL4 is indeed expressed in astrocytes, although not as strongly as in 

neurons.  
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3.4.2. Conclusions 

The results of co-staining analysis suggest that mammalian ACSL4 is expressed 

in GFAP+ astrocytes in the mouse hippocampus, indicating that ACSL4 may also play a 

currently unknown role in mammalian nervous system development and function. Based 

on the work presented in this thesis, it is plausible that ACSL4 regulates the development 

or pruning of synapses, stabilization of glia through cell-cell contacts, or the regulation of 

neuropil boundaries. 
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CHAPTER IV. DISCUSSION 

4.1. Context for this Study 

Of the many genes implicated in intellectual disability, there remain a subset for 

whom the function is unknown. One such gene is ACSL4, a long-chain fatty acid CoA 

synthetase with a preference for arachidonic acid (Cao et al., 1998; Piccini et al., 1998; 

Meloni et al., 2002; Golej et al., 2011). While the biochemical mechanisms regulated by 

ACSL4 and its homologs are unknown, there is substantial evidence that it functions in 

neuronal development to regulate the production of dendritic spines in mammals (Meloni 

et al., 2009), and the endocytic recycling of BMP receptors in Drosophila (Liu et al., 

2011, 2014). These studies concluded that ACSL4 and its homologs function exclusively 

in neurons based on the following results: immunohistochemical analysis of the 

distribution of ACSL4 protein exhibited a pattern consistent with neuronal expression, 

although not exclusive of glial expression, and expression of either ACSL4 or Acsl in 

Drosophila glia did not rescue the neuronal phenotype. However, the design of these 

studies leaves open the possibility that ACSL4 and its homologs function in glia.  
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4.2. Questions Addressed by this Study 

 This study originated in an RNAi screen to identify genes that when depleted 

affected visual neuronal signaling. This study was designed to address the following 

questions. First, does ACSL4 and its homolog Acsl have a function in glia? While Acsl 

has well-documented roles to play in neurons (see above), prior to this study there was no 

evidence in either vertebrate or invertebrate systems that Acsl or its homologs function in 

glia. 

Second, this study was designed to determine whether glial Acsl plays a role in 

development. While this seemed likely given the current body of literature (see above), it 

was unproven speculation. Through morphological analysis and temporal restriction of 

RNAi expression, I was able to demonstrate that glial Acsl does have essential functions 

in glia in development that ultimately affect adult structure and function.  

Third, this study was designed to identify potential mechanisms of Acsl function 

in the nervous system. Through careful analysis of the morphological phenotype and 
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BRP staining, I was able to postulate a role for glial Acsl in regulation of synaptic 

development and localization of glia. 

 

4.3. Major Results and Conclusions of this Study 

4.3.1. Acsl is required in glia for visual signaling 

 By restricting Acsl RNAi expression to either neurons or glia, I was able to 

demonstrate that Acsl is required in glia for the normal magnitude of visual signaling in 

the lamina. When Acsl is globally depleted from glia by driving RNAi with repo-Gal4, 

the amplitude of the ‘on transient’ of the ERG, a wide-field electrical signal generated in 

the lamina, was significantly reduced, and absent in 79% of flies (Fig. 3.1). In contrast, I 

observed no defects in the ‘on transient’ when Acsl was depleted from neurons using the 

pan-neuronal driver elav-Gal4 (Fig. 3.1). Similarly, I observed a significant reduction in 

the magnitude of the ‘off transient’ in glial Acsl KD flies, and the absence of both 

transients in 16% of these flies. Using cell-subtype specific drivers, I was able to isolate 
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the ERG phenotype to the marginal glia of the lamina using the driver TIFR-Gal4 (Fig 

3.1, Table 3.1.).  

 Loss of the ‘on transient’ is a phenotype with much history, and many other genes 

have been analyzed which, when mutated or depleted by RNAi, cause a loss of the ‘on 

transient’. These include hisClA/ort, the histamine receptor on post-synaptic lamina 

neurons (Gengs et al., 2002; Pantazis et al., 2008), NinaE/Rh1, the light sensing molecule 

expressed in photoreceptors R1-R6, and nonA, an mRNA binding protein that is 

ubiquitously expressed (Rendahl et al., 1992; Campesan et al., 2001; Mazzoni et al., 

2008), and genes involved in histamine metabolism and recycling in the eye, such as 

ebony, tan, ine, and hdc (Borycz et al., 2002, 2012; Richardt et al., 2002; Chaturvedi et 

al., 2014). All of the above mutations lead to a reliable loss of both the ‘on transient’ and 

‘off transient’, indicating that all transmission of visual information downstream of the 

retina is abolished. In contrast, in glial Acsl KD, only the ‘on transient’ is lost with high 

penetrance, indicating that visual transmission may still be occurring in most flies, but at 

an unrecordable level (Fig 3.1). This is consistent with my finding that visual behavior is 

normal (Fig 3.3). 
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 Functional homology between ACSL4 and Acsl has been well-documented in 

neurons (Liu et al., 2011, 2014). In contrast, whether ACSL4 can substitute for Acsl in 

glia was unknown. Over-expression of RNAi resistant human ACSL4 along with Acsl 

RNAi in marginal glia using TIFR-Gal4 resulted in partial rescue of the morphological 

phenotype. I observed misplaced glia in only 43% of ACSL4 rescue flies (Fig 3.13.) 

versus 100% in non-rescued Acsl KD flies. Similarly, I observed ectopic neuropil in only 

7% of ACSL4 rescue flies, versus 55% in Acsl KD flies.  

4.3.2. Loss of Acsl causes morphological defects 

 During normal development, marginal glia migrate to the proximal edge of the 

nascent lamina in larval stages and remain there throughout pupal development and 

adulthood (Winberg et al., 1992; Perez and Steller, 1996). When Acsl is depleted from 

marginal glia, their cell bodies exit the proximal edge of the lamina by mid-pupal 

development, moving into the adjacent distal optic chiasm and medullary neuropil (Fig. 

3.16). Within the adult medulla, their cell bodies reside proximal to the terminals of 

photoreceptors R7 and R8, in the inner medulla (Fig. 3.9. A). The processes of these 

mislocalized glia are complex and abundant, permeating both the distal chiasm and the 
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outer medullary neuropil, and do not exhibit the regular organization observed in 

marginal glia in the control animals, or in the normally localized glia in Acsl KD adult 

animals (Fig. 3.9. B).  

In a subset of Acsl KD animals, there are discrete structures of BRP signal located 

in the distal and proximal chiasm that connect with the lamina and the medulla, and the 

medulla and lobula (Fig. 3.11.). Given that these structures are rich in BRP expression, 

and BRP expression is characteristic of neuropil, it is likely that these structures represent 

ectopic neuropil. These ectopic neuropils share more characteristics with the medulla 

than they do with the other neuropils, making it possible that they originated from the 

second optic neuropil, although I cannot rule out the possibility that these structures 

originate independently of either the lamina, medulla, or lobula.  

4.3.3. Acsl is required in development 

 To determine whether the mislocalization of marginal glia is due to a failure to 

migrate to their proper positions, I examined third instar larvae and found no reduction in 

the number of nuclei in the marginal glia layer of the developing lamina (Fig. 3.14). 
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Furthermore, I observed no defect in photoreceptor targeting, observing two bands of 

termination in the lamina and the medulla.  

By mid-pupal development, marginal glia become mislocalized, occupying the 

distal chiasm and medulla (Fig. 3.16. A and B). At this time point, glial nuclei are largely 

located in the inner medulla, but there are nuclei present in the outer medulla as well (Fig. 

3.17). The processes of the mislocalized medullary glia are faint at this time, and do not 

become prominent until the last 24 hours of pupal development (Fig. 3.17, data not 

shown).  

Restricting Acsl RNAi expression to either development or adulthood confirms 

the requirement for Acsl in development. When Acsl RNAi is active from the onset of 

second larval instar until eclosion (but not in adulthood), 52% of flies exhibit a loss of the 

‘on transient’ at eclosion (Fig. 3.19. A and D). Morphological analysis revealed a 

significant reduction in the density of BRP signal in lamina in this population, but no 

evidence that glial cells were misplaced (Fig 3.20. A and B., Fig 3.21. A). After 

suppressing Acsl RNAi expression for 10 days after eclosion, I found that 88% of flies 
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exhibited a loss of the ‘on transient’ (Fig. 3.19. A and D), and that 75% lacked both the 

‘on’ and ‘off’ transients.  

Moreover, I found that 57% of 10 day old adult flies that expressed RNAi in 

development had evidence for misplacement of glial cell bodies in the medulla, in spite 

of the fact that Acsl RNAi expression had been suppressed after eclosion (Fig 3.21. B and 

C). The mislocalization of glia after 10 days of adulthood in flies expressing Acsl RNAi 

only in development is intriguing, and it would be interesting to expand this analysis to 

flies continuously expressing Acsl RNAi, to determine whether there is further motility of 

marginal glia in adulthood.  

4.3.4. ACSL4 co-localizes with mammalian glial markers 

 Finally, I analyzed the co-localization of signal from ACSL4 and GFAP 

antibodies in the mouse hippocampus. I found significant co-localization of ACSL4 with 

GFAP-positive astrocyte cell bodies and processes (Fig. 3.24. A and B). Pre-absorption 

of the ACSL4 antibody eliminated staining in the glia, suggesting that staining was 

specific (Fig 3.24. C).  
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4.4. Novel Contributions and Implications of this Study for the Field of 

Neurobiology 

4.4.1. Novel contributions of this study 

i. Acsl functions in glia 

This study is the first to demonstrate a role for Acsl in glia. The function of 

Acsl/ACSL4 in neurons has been explored in both mammals and Drosophila (Meloni et 

al., 2009; Liu et al., 2011, 2014). ACSL4 has been found to regulate dendritic spines in 

mammalian neurons, and Acsl was observed to mediate synaptic vesicle transport and 

synaptic development in Drosophila neurons. In these prior studies Acsl was either 

depleted from cultured mammalian neurons using RNAi transfection, or from all 

Drosophila tissues using mutants. This is the first study to specifically remove Acsl from 

glia, and document a phenotypic effect.  
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ii.  Glial Acsl modulates neuronal signaling 

In this study, I demonstrate that depleting Acsl from glia produces a measurable 

effect on neuronal function. Glia have been shown to exhibit small depolarizations in 

other systems (Hösli et al., 1981; Konnerth et al., 1988; Silies and Klämbt, 2011). I 

cannot rule out that in the Drosophila eye glia also have small depolarizations which may 

be recorded in the ERG, as the ERG is a wide-field recording of the sum of signals from 

across the eye. However, while there is evidence that glia can modulate the ERG 

(Pantazis et al., 2008), there is no evidence that the ERG trace is exclusively generated by 

glia, and eliminating a small amount of glial electrical activity from a limited number of 

glial subtypes is unlikely to account for the magnitude of the reduction in the ‘on’ and 

‘off’ transients I observed. Therefore, in this study I provide the first documentation of 

glial Acsl mediating neuronal signaling. 

How glial Acsl mediates neuronal signaling remains unclear. I observed no 

differences in the structure or density of glial processes in the lamina, and a non-

significant reduction in BRP density in the same neuropil. Moreover, when Acsl RNAi 

expression was limited to development, I observed separation of the ERG and 
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morphological defects. Indeed, none of the morphological defects described here 

(mislocalization of glia, ectopic neuropil, or reduction in BRP density) exactly correlates 

with the ERG defect, and it is thus not possible to conclude that the morphological 

phenotype causes the electrophysiological phenotype. However, it is possible that a 

physiologic function of glia, rather than a structural one, is affected. Potentially, glial 

regulation of extracellular ions such as chloride and calcium is affected, or clearance of 

extracellular histamine or other neurotransmitters. 

iii. Acsl has specific roles in glial subtypes 

I began this study by depleting Acsl RNAi from all glial cells using the pan-glial 

driver repo-Gal4. I was able to reproduce the phenotype observed in these flies by 

driving Acsl RNAi in marginal glia with TIFR-Gal4. This suggests that the physiologic 

and morphologic phenotypes I describe here are not due to global and non-specific glial 

defects and decompensation, but rather to the loss of one or more specific functions in a 

glial subtype. 
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iv. ACSL4 has functional homology with Acsl in glia, and can rescue loss 

of Acsl function in multiple pathways 

As stated above, ACSL4 was previously demonstrated to have functional 

homology with Drosophila Acsl in neurons. Interestingly, human ACSL3, with which 

Drosophila Acsl protein shares 49% identity at the protein level, was not functionally 

homologous in Drosophila motor neurons, and over-expression of this gene in neurons 

did not rescue the phenotype (Liu et al., 2011). This result is consistent with studies 

demonstrating a function for ACSL3 in mammalian glia (Pei et al., 2009), and it is 

tempting to conclude that the two mammalian genes operate exclusively in either neurons 

or glia. Attempts to study human ACSL3 in this project were unsuccessful. However, in 

this study I demonstrate that ACSL4 can replace Acsl function in glia, and can rescue 

morphological phenotypes that are potentially downstream of separate mechanisms. 
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v. Marginal glia are important regulators of optic lobe neuropil 

physiology and morphology 

The optic lobe of Drosophila is a widely used and well-studied system. The 

lamina in particular has been used to dissect mechanisms of migration (Perez and Steller, 

1996; Huang et al., 1998a; Tayler, 2004), axon targeting (Hing et al., 1999; Senti et al., 

2000; Poeck et al., 2001; Tayler and Garrity, 2003; Yoshida et al., 2005), synapse 

development (Frohlich and Meinertzhagen, 1982; Meinertzhagen, 1989, 1993; Hiesinger 

et al., 2006), and neuron-glia interactions (Huang et al., 1998a; Suh et al., 2002; Borycz 

et al., 2012; Chaturvedi et al., 2014; Dutta et al., 2015). The glia of the lamina have also 

been extensively studied, the body of literature mostly focusing on the role of epithelial 

glia (Stuart et al., 2007; Pantazis et al., 2008; Edwards and Meinertzhagen, 2010; Borycz 

et al., 2012). In this study, I substantiate novel roles for marginal glia in regulation of 

lamina neuron physiology and the bounding of neuropils, as well as a potential role in 

synaptogenesis or synapse maintenance in the lamina. Furthermore, I provide evidence 

that the organization of synaptic layers is disrupted when Acsl is depleted from marginal 

glia, and that the processes of R7 and R8 are disorganized both in the distal optic chiasm 
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and within the medullar neuropil. Whether these defects are a primary function of 

marginal glia or secondary to their mislocalization remains to be determined.  

vi. Glial Acsl is necessary for the stability of glia in their specified 

positions 

Depletion of Acsl from marginal glia results in their mislocalization from the 

proximal edge of the lamina into the distal optic chiasm and medullary neuropil. This 

result demonstrates that expression of Acsl is necessary for the retention of marginal glia 

in their normal positions. Given the close proximity of mislocalized marginal glia with 

the axons of photoreceptors R7 and R8 both in the distal chiasm and the medulla, it is 

likely that these glia move along the terminals of these neurons as they travel outside of 

their normal positions. In the Drosophila optic lobe, glial movement along neuronal 

axons has been demonstrated previously (Dearborn and Kunes, 2004). It is notable that 

marginal glia move toward the central brain into the distal chiasm and medulla, rather 

than away from the central brain into the lamina. This may be due to a preference for R7 

and R8 termini as substrates for movement, response to a chemoreceptor gradient, or 

simply physical exclusion from the tightly packed lamina. Further study is needed to 
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conclusively demonstrate that mislocalized glia maintain contact with the processes of 

R7/R8 throughout development. 

vii. Glial Acsl regulates the organization of glial processes 

By using the density of tdTomato signal to measure the density of marginal glia 

processes, I was able to determine that there is no significant difference in the elaboration 

of glial processes in the lamina neuropil, nor was there significant disorganization, in 

Acsl KD flies. However, glia that mislocalized away from the marginal glia layer 

elaborated complex processes, and comparing the organization of processes between 

normally localized and mislocalized populations of marginal glia revealed distinctive 

disorganization in the mislocalized population. Together these results indicate that Acsl is 

in some way involved in the regulation of glial processes, either through their 

elaboration, their retraction, or in the determination of the direction they elaborate in. 

Potentially, Acsl mediates this effect by increasing the pool of free intracellular 

arachidonic acid, which then regulates actin dynamics through its metabolism into 

prostaglandins (Glenn and Jacobson, 2002).  
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viii. Glial Acsl is important for the separation of neuropils, acting to either 

establish or maintain neuropil boundaries 

In 55% of Acsl KD animals, BRP dense structures physically connect the lamina 

and medulla, and medulla and lobula. These BRP dense structures most likely represent 

ectopic neuropil. Given that the medulla is the common neuropil involved in these 

growths, I propose that the ectopic neuropil are outgrowths of the medulla. However, 

whether these ectopic neuropils represent an outgrowth of endogenous neuropils (the 

lamina, medulla, and lobula), or an independent growth cannot be determined 

conclusively by the present set of data. In order to determine this, time lapse microscopy 

would need to be performed during late pupal development as BRP begins to be 

expressed. By tracking the growth of neuropils, it would be possible to determine 

whether the medulla produces outgrowths that then join with the adjacent neuropils 

(lamina distally, and lobula proximally), or whether independent BRP structures arise in 

the distal and proximal optic chiasms. 

I did not observe ectopic neuropil in control populations, indicating that glial Acsl 

has a role in establishing the boundaries or neuropil, and/or the inhibition of their 
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development. In the absence of Acsl, this inhibition is released, allowing ectopic neuropil 

to arise. 

ix. Glial Acsl has morphological effects on neurons 

While KD of Acsl with TIFR-Gal4 did not produce a significant reduction in BRP 

density in the adult, depletion of Acsl with repo-Gal4 during development results in a 

reduction in the density of BRP signal in the lamina. This disparity in RNAi effect 

between the two experiments may indicate that only a subset of synapses are reduced in 

the TIFR-Gal4 KD adults, and this effect is masked by no reduction in other synaptic 

populations. Indeed, the ‘on transient’ has been demonstrated to be the result of 

photoreceptors synapsing upon the lamina neurons L1 and L2; however, there are many 

other neurons in the lamina that synapse upon each other and provide feedback to 

photoreceptors. At the level of light microscopy, these synaptic populations cannot be 

distinguished with BRP staining. Moreover, TIFR-Gal4 KD is specific to marginal glia, 

and the presence of Acsl in other glial subtypes may have compensated for depletion in 

marginal glia. 
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The reduction in BRP signal seen with repo-Gal4 KD during development is 

possibly due to regulation of BRP protein, but given the essential role that glia play in the 

development, maturation, and removal of synapses, it is also plausible that the observed 

reduction in signal is due to regulation of the pre-synapse in synaptogenesis or synaptic 

pruning.  

Additionally, the processes of R7 and R8 are disorganized in the distal optic 

chiasm and within the medullary neuropil. This may be a result of improper glial 

ensheathment of R7 and R8 termini, or simply a result of the mislocalization of glia 

causing physical disruption of the termini in the distal chiasm and medulla. 

x. Glial Acsl is required in development 

I demonstrate here that glial Acsl is required in development of the optic lobe of 

Drosophila for the ‘on transient’ of the ERG, the normal localization of glia, normal 

neuropil boundaries, and normal synaptic density. Glial Acsl does not appear to be 

required in the adult for these functions, although confounding factors in the adult, such 

as a difference in either Acsl protein turn over or repo-Gal4 driver strength, cannot be 
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ruled out. Based on the current set of data, however, it is likely that glial Acsl is involved 

almost exclusively in development. I have presented evidence that Acsl is not only 

important for morphological development of neurons, glia, and neuropil, but also for 

visual neuron signaling. I have also presented evidence that these functions arise through 

different mechanisms, as I was able to demonstrate separation of morphological and 

electrophysiological defects when Acsl RNAi expression is restricted to development. 

Whether these phenotypes are mediated by separate pathways (e.g. actin regulation vs. 

protein modification), or the same pathway with different targets (i.e. protein 

modification of separate membrane or extracellular proteins) remains to be proven. What 

is clear is that glial Acsl has a central role in development, and causes obvious defects in 

adulthood.  

xi. ACSL4 expression in GFAP-positive astrocytes can be demonstrated 

through immunohistochemistry 

Previous studies have demonstrated expression of ACSL4 in astrocytes via high-

throughput screen of the transcriptome (Zhang et al., 2014), although at a lower level 

than in neurons. Prior to this study, no one had yet performed co-localization analysis of 
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mammalian glial markers and ACSL4 antibodies. In my analysis, I demonstrate that 

ACSL4 is clearly co-localized with GFAP signal, further solidifying the body of evidence 

for expression of ACSL4 in glia.  

4.4.2. Potential developmental mechanisms affected 

While it is clear that Acsl functions in development, direct evidence for which 

developmental processes it regulates remains to be gathered. I have presented evidence 

that BRP signal density in the adult lamina is significantly reduced in developmental Acsl 

KD with the pan-glial driver repo-Gal4. I propose that this phenotype is caused by 

defects in the regulation of one of the following developmental processes.  

i. Synaptic development 

In motor neurons of third instar larvae, Acsl was shown to increase synaptic 

growth in anterior neurons, and decrease it in posterior neurons (Liu et al., 2011, 2014). 

This difference was postulated to be due to an exaggeration of defects in retrograde 

transport in posterior neurons, as their axons are substantially longer. In glial Acsl KD, 



144 
 

synaptic density was only observed to decrease, making the potential functions of glial 

Acsl on synaptogenesis easier to interpret.  

Glia play well documented roles in synapse development, both through contact-

independent and -dependent mechanisms (Christopherson et al., 2005; Eroglu et al., 

2008; Garrett and Weiner, 2009). The potential biochemical pathways that Acsl could 

regulate that would result in this phenotype are discussed below, and largely involve 

protein modification through the production of arachidonoyl-CoA. It is possible that Acsl 

provides necessary acyl modifications to proteins secreted by glia that enhance synaptic 

development, such as the thrombospondin family of proteins (Christopherson et al., 

2005), which in Drosophila has homology with Cysteine knot C-terminal (Ccn). 

Interestingly, glial KD of Ccn also produces a loss of the ‘on transient’ (unpublished 

data), although any potential interactions between Acsl and Ccn remain to be proven.  

Another potential pathway that would result in a decrease in synaptic 

development is the production of acyl modifications for plasma membrane proteins, 

allowing them to be targeted and inserted into the periphery of the cell. Integral glial 

membrane proteins, such as γ-protocadherins, have already been demonstrated to 
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promote synaptic development in mammals (Garrett and Weiner, 2009), and may 

additionally provide an anchoring mechanism for glia that, when disrupted, promotes 

mislocalization. Moreover, there is evidence that expression of the cell-cell interaction 

proteins Dscam 1 and 2 in post-synaptic neurons have a role in specification of synaptic 

partners in the lamina (Millard et al., 2010). While a similar role for cell-cell contact 

proteins in glia has not been established in the lamina, the precedent set by the above 

study indicates that this hypothesis is plausible.  

ii. Synaptic pruning 

Conversely, Acsl could inhibit engulfment and removal of the pre-synapse. In 

Drosophila, there is an extensive body of literature on the role of glia in phagocytosing 

axonal debris during axon pruning in development in the central brain (Edenfeld et al., 

2005; Freeman, 2006). Additionally, glia were found to engulf and remove the pre-

synapse during development of the larval neuro-muscular junction (Fuentes-Medel et al., 

2009). Finally, Acsl already has a demonstrated role in endocytic recycling of BMP 

receptors in neurons during synaptic maturation (Liu et al., 2014), making a similar 

function in phagocytosing the pre-synapse in glia plausible.  
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4.4.3. Potential biochemical mechanisms affected 

Depletion of Acsl may affect the levels of two different important intracellular 

molecules, causing either an increase in the intracellular pool of free arachidonic acid, or 

a decrease in the level of arachidonoyl-CoA (Fig 4.1). On a subcellular level, arachidonic 

acid is an essential component of cell membranes, and contributes greatly to their fluidity 

through its four flexible cis double bonds (Brash, 2001). On a tissue level, arachidonic 

acid is involved in the inflammatory response though its metabolism into prostaglandins 

by the COX family of enzymes, and has established roles in regulating multiple cellular 

processes, such as apoptosis and actin remodeling (Cao et al., 2000b; Glenn and 

Jacobson, 2002). Finally, like other fatty acids, arachidonic acid will activate nuclear 

PPAR receptors (Georgiadi and Kersten, 2012).  

Acsl conjugates arachidonic acid to CoA to form arachidonoyl-CoA, which can 

then be used in a variety of biological processes, such as the formation of triglycerides, β-

oxidation in the mitochondrion for generation of ATP, and protein modification. Acsl has 

been demonstrated to localize to the ER (Meloni et al., 2009), which suggests that its 

molecular products may be more heavily involved in protein modification than in the 
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production of triglycerides or lipid metabolism. Together, the potential biochemical 

mechanisms regulated by Acsl through either free arachidonic acid or arachidonoyl-CoA 

are numerous. For this discussion, I will focus on three potential mechanisms: regulation 

of actin dynamics, modulation of gene transcription, and protein modification (Fig 4.1.) 

 

i. Regulation of actin dynamics 

The motility of the marginal glia in Acsl KD, as well the disorganization of their 

processes, suggests that Acsl may regulate the cytoskeleton. Arachidonic acid can 

regulate actin dynamics through its metabolism into prostaglandins (Glenn and Jacobson, 

2002). The classes of prostaglandins have been demonstrated to differentially regulate the 

actin cytoskeleton in a cell type, and prostaglandin type, specific manner. Moreover, in 
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Drosophila oogenesis, prostaglandins have been demonstrated to have temporal 

specificity, having different effects at different stages of oocyte development (Spracklen 

et al., 2014). Despite this complexity, it is clear that prostaglandins can promote the 

formation of actin stress fibers and myosin contractility through activation of PKA and 

PKC (Glenn and Jacobson, 2003). It is possible that an increased intracellular pool of free 

arachidonic acid following Acsl KD can be metabolized into prostaglandins, and thus 

promote motility in Acsl KD marginal glia.  

ii. Modulation of gene transcription 

 In addition to being essential for membrane development and energy metabolism, 

fatty acids are important signaling molecules (Sumida et al., 1993). Through binding and 

activation of PPAR nuclear receptors, fatty acids are known to regulate gene expression 

(Georgiadi and Kersten, 2012). The effect of fatty acids on transcription of genes 

involved in metabolism has been extensively studied, and both upregulation and 

downregulation of transcription has been documented. Whether fatty acids can regulate 

the transcription of non-metabolic genes has not yet been determined, although it seems 

likely given that fatty acid-mediated gene regulation is necessary for adipocyte 
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differentiation (Rosen et al., 1999). It is possible that an increase in arachidonic acid 

following Acsl depletion either decreases the transcription of genes encoding stabilizing 

cell-cell contact proteins, such as cadherins and integrins, or increases the expression of 

genes related to motility.  

iii. Protein modification 

 Both membranous and secreted proteins are typically modified with a lipid 

moiety, which allows them to embed either in the plasma membrane or in secretory 

vesicles (Mann and Beachy, 2004). This lipid modification is provided by various fatty 

acid-CoA conjugates. Evidence that arachidonoyl-CoA participates in protein 

modification was found in isolated rat liver microsomes (Yamashita et al., 1995), 

although the range of proteins that can be modified by arachidonoyl-CoA remains 

unknown. Based on this, I hypothesize that Acsl protein provides essential arachidonoyl-

CoA modification to one or more plasma membrane or secreted proteins, which in the 

absence of Acsl are mislocalized and unable to perform their usual functions. This 

potential mechanism may affect stabilizing cell-cell contact proteins that help maintain 
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marginal glia in place, glial proteins that mediate contact dependent synaptogenesis or 

synaptic maturation, or secreted proteins with a variety of functions.   

4.4.4. Implications of this study for the field of Neurobiology 

 The study of glia in neurobiology is a relatively recent phenomenon, and there 

remains much to be elucidated about their roles in adult physiology, as well as 

development, and the regulation of these roles. Their importance, however, is made clear 

by the prominence of glial dysfunction in neurologic disease ranging from 

neurodegenerative disorders (Miller et al., 2004; Nagai et al., 2007; Sloan and Barres, 

2013), to neurodevelopmental disorders such as bipolar disorder (Dong and Zhen, 2015), 

schizophrenia (Wang et al., 2015), and intellectual disability (Brenner et al., 2001; 

Bergmann et al., 2003; Govek et al., 2004; Ballas et al., 2009; Tian et al., 2010; Lioy et 

al., 2011). In this study, I elucidate a role for ACSL4 and its homologs in glia. This novel 

finding expands our understanding of the pathogenesis of ACSL4-linked intellectual 

disability to potentially include glia. Moreover, the phenotypes documented here may be 

observed in other intellectual disability models where glia have not been previously 

studied, or even other neurodevelopmental disorders without intellectual disability. Thus 
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this work provides a foundation for further study of the role of glia both specifically in 

ACSL4-linked intellectual disability, and broadly in neurodevelopmental disorders as a 

whole. 

 

4.5. Restrictions on Conclusions From This Study 

4.5.1. TIFR-Gal4 is not specific to marginal glia 

 While TIFR-Gal4 strongly expresses in marginal glia, it also expresses in the 

giant chiasm glia of the proximal optic chiasm. Moreover, the processes of TIFR-positive 

glia both penetrate the lamina neuropil, consistent with ‘astrocyte-like’ neuropil glia, as 

well as condense at the proximal edge of the lamina and traverse the distal optic chiasm, 

consistent with ‘ensheathing’ neuropil glia (Edwards and Meinertzhagen, 2010). This 

pattern may reflect that marginal glia are both ‘astrocyte-like’ and ‘ensheathing’, or it 

may reflect that the marginal glia layer is actually composed of two separate glial 

subclasses, each of which express TIFR-Gal4 and exhibit either ‘astrocyte-like’ or 
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‘ensheathing’ morphologies. In this latter case, it would be difficult to further resolve the 

glial subtype involved.  

 If marginal glia can be further subdivided into two classes of glia, it may help to 

explain why the loss of the ‘on transient’ was not seen in the drivers alrm-Gal4 or loco-

Gal4, both of which share expression in marginal glia with TIFR-Gal4. Based on the 

patterns of glial processes, it seems that TIFR-Gal4 expresses in both ‘astrocyte-like’ and 

‘ensheathing’ glia within the marginal glia layer. In contrast, alrm-Gal4 and loco-Gal4 

have both been used to drive expression in ‘astrocyte-like’ glia, and may be missing 

expression in the ‘ensheathing’ glia subtype. All three of these drivers are considered to 

be strong, although subtle differences in their expression within marginal glia was not 

assessed. While all three drivers are known to express by larval development, when optic 

lobe glia are differentiating and migrating, their expression in embryonic development 

was not assessed in this study. Thus, it is possible that these drivers differ in either early 

expression onset, or subtly in expression strength in marginal glia, or in expression 

between subsets of marginal glia.  
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While I have demonstrated that giant optic chiasm glia processes are affected in 

Acsl KD, their distance from the lamina does not suggest a role in regulating neuronal 

signaling or the density of BRP in this neuropil, and indeed no function for giant optic 

chiasm glia in neuronal signaling has been elucidated to date. Moreover, I found no 

significant reduction in the density of repo-positive nuclei in the proximal chiasm, 

suggesting that giant optic chiasm glia do not contribute to the population of misplaced 

cells. Together, these data suggest that Acsl KD in marginal glia is the source of the ERG 

phenotype and reduced BRP density, and the primary source of mislocalized glia in the 

distal optic chiasm and medulla. 

4.5.2. Heat shift experiments have limited temporal specificity 

 I was unable to drive Acsl RNAi expression in heat shift experiments from 

embryonic development without inducing lethality. Therefore, in this project 

“developmental expression” of Acsl RNAi does not include the earliest stages of 

development. Furthermore, while RNAi expression was initiated at the beginning of 

second larval instar, I can expect a delay between onset of Acsl RNAi expression and 

depletion of Acsl protein, which would depend in large part on the degradation of Acsl 
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protein already produced earlier in development. I observed only aspects of the Acsl KD 

phenotype in these flies upon eclosion. While useful in allowing us to divide early 

(embryonic and larval) from late (pupal) development, and thus propose specific 

developmental functions affected, this experimental design does not allow for more 

specificity in determining when in development Acsl is necessary.  

Similarly, I can expect a delay between Gal80ts suppression of RNAi production 

and the resumption of Acsl function, dependent on the production of new Acsl protein. 

For this reason, I cannot pinpoint exactly when in adulthood Acsl function returns. 

Moreover, the turnover of Acsl protein in the adult may be different from that in 

development, leading to longer periods before an effect of RNAi is seen, and the strength 

of repo-Gal4 may differ between development and adulthood. 

4.5.3. No effect on behavior was demonstrated 

 Although the ‘on transient’ of the ERG was absent with a penetrance over 80%, I 

was unable to uncover a behavioral defect in either young or aged TIFR-Gal4 KD flies. 

That aged flies responded poorly to the behavioral assay is unsurprising, given the 
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degeneration of the ERG and lamina synaptic density over the lifespan of Drosophila. 

However, the data collected from young flies clearly demonstrates no behavioral defect 

in Acsl KD flies.  

The behavioral assays I used tested motion and contrast vision, which are 

generally thought to be mediated by photoreceptors R1-R6, and separate from color 

vision mediated by R7 and R8. It is worth noting that within the lamina, where R1-R6 

terminate, the morphological defects are not as severe as in the medulla, where R7 and 

R8 terminate, and that the ERG is a poor tool to record electrical activity in neuropils 

further from the surface of the eye than the lamina, such as the medulla. It would be 

interesting to test color vision based behavior (see section 4.6.3 in Future Directions for 

this Body of Work).  

It is also worth noting that the behavior assays used tested large populations of 

flies, and a phenotype with low penetrance could be masked. However, we can conclude 

with the current body of data that neuronal activity in the lamina is affected in glial Acsl 

KD, and we can postulate that the ‘on transient’ may not be entirely abolished, thus 

allowing visual information to pass into the central brain. 
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 4.5.4. More than one biochemical and developmental pathway may be involved in 

producing the phenotypes observed 

 Lipid metabolism is central to the activity of cells, and affects multiple processes 

on a tissue, cell, and biochemical level. Indeed, in this document I have explored multiple 

ways in which Acsl KD may affect lipid metabolism, and what the outcome of each may 

be. While Acsl regulating a single pathway is the reductionist answer, it may not be 

correct. Acsl KD may in fact be influencing multiple pathways to produce the phenotypes 

observed in this body of work. Determining which pathways are affected, and how they 

may interact, is further explored in section 4.6. Future Directions for this Body of Work. 

4.5.5. Drosophila Acsl shares homology with ACSL3 as well as ACSL4 

 As outlined in the introduction, 9 isoforms of Drosophila Acsl protein share 48% 

protein identity with human ACSL4 isoform 2, while 9 isoforms share 49% with human 

ACSL3 (Table 1.1). Moreover, human ACSL4 and ACSL3 share 66% identity with each 

other. This opens the possibility that the phenotype observed in this work could be 

rescued by either ACSL4 or ACSL3. Due to technical difficulties, I was unable to test 
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rescue of the phenotype with ACSL3, although given the level of protein homology some 

rescue would have likely been observed. Indeed, in a previous study, overexpression of 

either human ACSL4 or ACSL3 was able to rescue the lethality of homozygous AcslKO 

mutants, as well as lipid storage in the larval wing disc (Zhang et al., 2009). However, the 

goal of this project is not to establish which human ACSL proteins have functional 

homology with Drosophila Acsl in glia, but rather to specifically demonstrate that human 

ACSL4 has functional homology in glia, in an effort to elucidate the pathogenesis of 

intellectual disability caused by mutations in ACSL4.  

 A separate question is why mutations in ACSL4, but not ACSL3, cause intellectual 

disability. This is not likely to be simply a matter of differences in mutation frequency 

based on genomic location. While ACSL4 is encoded on the X chromosome, and ACSL3 

on the 2nd chromosome, mutations in ACSL3 have been documented as well, although 

they result in cancer rather than intellectual disability. The answer is more likely to be 

found in RNA splicing isoforms. All ACSL proteins have multiple isoforms, each with 

context dependent expression in different tissues (Digel et al., 2009). Moreover, these 
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isoforms are targeted to different locations in the cell, and most likely fulfill different 

functions (Digel et al., 2009).  

Notably, ACSL4 isoform 2, which is enriched in the brain, is predicted to target to 

the ER and ACSL3 to the cytoplasm. It is thus possible that the two proteins have both 

overlapping and separate functions, and can produce different effects on development and 

glial function. Similarly, the multiple isoforms derived from the Drosophila Acsl gene 

suggest that each has a different function. Indeed, the 10 Acsl protein isoforms are 

predicted to localize the two main locations: the ER and the cytosol. Moreover, the N 

termini and 5’ untranslated regions of each isoform vary considerably. Of the 10 Acsl 

protein isoforms, 6 are predicted to localize to the ER and 4 to the cytosol (Table 1.1). In 

this context, it is notable that the ACSL4 isoform 2 rescue experiments reported here 

provided partial rescue. Potentially, ACSL4 was only able to compensate for the functions 

of a subset of Acsl isoforms. 
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4.5.6. Modest sample size 

 Due to technical difficulties, the sample size of some imaging experiments is 

modest. In some cases, the modest sample sizes were enough to uncover statistically 

significant differences in signal or nuclei density, while in others it seems likely that the 

sample size is insufficient and results would benefit from further experimentation. 
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Despite these difficulties, I was able to demonstrate clear defects in the morphology and 

electrophysiology of glial Acsl KD flies, and link these defects to a developmental 

mechanism. 

4.5.7. Quantification of transient magnitude is subject to many variables 

 As a wide field recording, the ERG is dependent on many variables, including 

contact between the recording electrode and the eye, the orientation of the eye to light 

stimuli, and the orientation of the lamina. While I ensured that there were no defects in 

the ERG equipment by calibrating every session with wild type flies, that does not rule 

out that subsequent flies tested were oriented differently. Thus, comparing magnitudes 

across ERG traces is subject to many caveats. To compensate for this, I supplemented 

quantification of transient amplitude by binning the traces into either absence or presence 

of the transients. Despite variability in the magnitude of the transients in control flies, 

likely due to variables mentioned above, I never observed a complete loss of the 

transients. In contrast, loss of one or both transients were robust phenotypes with high 

penetrance in glial Acsl KD flies. Based on these results, I am confident that visual 

neuron signaling is indeed altered in glial Acsl KD flies.  
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4.6. Future Directions  

4.6.1. Further investigate the reduction in BRP density 

 The reduction in BRP signal density in the lamina I observed after restricting Acsl 

RNAi expression to development is a significant aspect of the phenotype, which may 

explain the loss of the ‘on transient’, and bears further analysis. First, to verify that the 

pre-synapse is reduced and not BRP protein itself, volumetric analysis of the expression 

of other pre-synaptic proteins should be performed. Analysis with commonly available 

antibodies to proteins such as cysteine string protein (CSP), which associates with 

synaptic vesicles, and syntaxin (DSyd-1), involved in vesicle docking and fusion, are 

appropriate.  It would also be beneficial to measure the distribution and density of the 

post-synapse in the lamina with an antibody to hisClA/Ort (Hong et al., 2006b).  

 After verifying the phenotype through immunohistochemistry, further verification 

through electron microscopy could be performed. Observation of synapses through 

electron microscopy would allow not only quantification, but also finer analysis of their 

morphology and structure. In addition, at the level of electron microscopy, synapses 
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between different populations of neurons in the lamina can be quantified, in particular the 

synapse between photoreceptors R1-R6 and lamina monopolar cells L1 and L2.  

 Whether the reduction in BRP signal in Acsl KD flies arises from defects in 

synaptic development or in synaptic pruning is unknown. This question could be 

addressed by staining synaptic proteins during pupal development as synapses are being 

produced (Frohlich and Meinertzhagen, 1982; Meinertzhagen, 1993), and performing 

quantitative analysis. If there is a significant decrease in synaptic protein signals 

throughout development, it would indicate that there are defects in the development of 

synapses. In contrast, if synaptic proteins are initially present at normal levels, but 

decrease abnormally over time, it would indicate excessive pruning of synapses by glia. 

Whether glia are indeed engulfing synapses or axons would need to be proven by 

demonstrating the presence of either pre- or post-synaptic material within glial cell bodies 

or processes. Given the close association of cells in the developing and adult lamina, this 

would most likely need to be done by utilizing clonal analysis, in which a single glial cell 

or small number of glial cells could be highlighted and analyzed. Notably, TIFR-Gal4 

expresses in ensheathing glia in the central brain, and ensheathing glia were demonstrated 
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to express Draper, Shark, and dCed-6, all of which are involved in the engulfment of 

axonal debris (Doherty et al., 2009). 

4.6.2. Investigate the mislocalization of glia 

 While the mislocalization of glia does not appear to be responsible for the loss of 

the ‘on transient’, it is still an important aspect of the phenotype and warrants further 

analysis. It is possible that Acsl provides important lipid modifications for stabilizing 

cell-cell contact proteins, and that depletion of Acsl results in an inability of these 

proteins to reach or imbed into the cell membrane. In addition, glia are believed to 

facilitate synaptic development through contact-dependent mechanisms, which rely on 

the expression of cell-cell contact proteins such as γ-protocadherins in mammals (Garrett 

and Weiner, 2009). Thus, analysis of the expression of cell-cell contact proteins in Acsl 

KD glia could shed light on multiple aspects of the observed phenotype.  

 Since free arachidonic acid has documented functions in regulating actin 

dynamics (Glenn and Jacobson, 2002), and depletion of Acsl conceivably increases the 

intra-cellular pool of free arachidonic acid, analyzing actin dynamics in Acsl KD glia, 
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particularly in the observed mislocalized glia, could be a fruitful avenue of analysis. 

Staining with phalloidin would allow for analysis of increased F-actin density in 

mislocalized glia and their processes. This approach will label all actin in the entire optic 

lobe; a more specific approach would be to express moesin-GFP in marginal glia, along 

with either Acsl or Luc RNAi, using TIFR-Gal4. Moesin connects the actin cytoskeleton 

to the plasma membrane (Amieva et al., 1999). By expressing moesin-GFP and 

measuring the density of GFP signal at the cell periphery, it is possible to analyze the 

extent of actin interaction with the plasma membrane, a necessary antecedent for cell 

motility (Zhao et al., 2011).  

4.6.3. Test vision mediated by R7 and R8 

 The ‘on transient’ of the ERG largely measures the hyperpolarization of lamina 

neurons in response to photoreceptors R1-R6, and the ‘off transient’ measures their 

repolarization as well as other signals from across the eye. However, in Acsl KD flies the 

processes of R7 and R8, which mediate color vision, appear to be ensheathed by 

abnormal glial processes as they project across the distal optic chiasm, and the terminals 

of R7 and R8 in the medulla are closely associated with mislocalized glia. Moreover, 
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BRP signal in the medulla is disorganized to the extent that synaptic layers can no longer 

by determined, and R7 and R8 termini in the medulla neuropil are disorganized. Thus, it 

is possible that visual information mediated by R7 and R8 is disrupted, and it would be 

fruitful to assay the extent of the disruption. Color vision, mediated by R7 and R8, is 

generally considered to be independent of motion vision, mediated by R1-R6 (Rister et 

al., 2007; Berger et al., 2008; Kelber and Henze, 2013; Melnattur et al., 2014), and most 

visual behavioral assays are geared to test motion vision. However, behavioral assays to 

measure color vision exist by testing phototaxis toward different wavelengths of light.  

4.6.4. Investigate the effect of Acsl KD on fatty acid channeling 

 Through its role in fatty acid channeling, Acsl has two major biochemical 

functions. The first is to regulate the pool of free fatty acids in the cell. The second is to 

produce fatty acid-CoA conjugates, for use in both energy metabolism and protein 

modifications (Coleman et al., 2002; Grevengoed et al., 2014). Since Acsl has an 

established affinity for arachidonic acid, its biochemical functions most likely involve 

either intracellular free arachidonic acid, or arachidonoyl-CoA. Free arachidonic acid and 

arachidonoyl-CoA are involved in different processes, which are described above. 
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Identifying whether the populations of one of these molecules is differentially affected in 

Acsl KD would greatly assist in determining a specific pathway responsible for the 

observed phenotype.  

 It is possible to measure global levels of free arachidonic acid and arachidonoyl-

CoA in the brain through lipid extraction and mass spectrometry. In the Drosophila brain, 

glia represent only 10% of the total cell population (Edwards and Meinertzhagen, 2010), 

which makes it likely that any difference in the levels of these molecules in this cell 

population would be difficult to uncover from whole brain lipid extract. An alternate 

method is to isolate glial cells through fluorescence activated cell sorting (FACS) before 

lipid extraction. This approach may also present difficulties, as separating glia from 

neurons requires long incubations with proteinases, and causes cells to undergo a stress 

response. Another approach is to stain the brain with a fat soluble dye such as Oil Red O. 

This would allow visualization of all neutral fatty acids, including arachidonic acid. If 

there is a large enough increase in the pool of free arachidonic acid following Acsl KD, it 

may produce a visible increase in Oil Red O staining, which could be specifically 

localized to glia by co-staining with glial markers.  
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 Another approach would be to analyze genetic interactions between pathways of 

arachidonic acid metabolism. Pxt, a Drosophila COX-like enzyme, was recently 

described in ovarian tissue (Tootle and Spradling, 2008). It is possible that Pxt also 

functions in the Drosophila optic lobe. By combining KD of both Pxt and Acsl, the level 

of free arachidonic acid in the cell could be substantially increased over KD of either Pxt 

or Acsl alone. If an increase in free arachidonic acid is responsible for the phenotype, 

then combined KD of Pxt and Acsl should exacerbate the phenotype. If the metabolism of 

free arachidonic acid into prostaglandins is responsible for the phenotype, then combined 

KD of Pxt and Acsl should provide rescue of the phenotype.  

 If candidate cell-cell contact or synaptogenic proteins are identified in section 

4.6.2, a reporter system could be used to assay whether PPARs regulate the expression of 

the associated genes. By cloning the promoter areas of candidate genes upstream of a 

Luciferase or GFP reporter, expression of the reporter could be assayed in the presence or 

absence of different PPAR transcription factors, allowing in vitro demonstration of PPAR 

regulation of the genes. In a similar vein, the incorporation of radiolabeled arachidonoyl-
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CoA into the candidate proteins could be assessed via western blot to determine if loss of 

protein modification has a role in producing the observed phenotype.  

 Finally, one could test whether the enzymatic activity of Acsl is necessary by 

overexpressing a mutant Acsl with either a point mutation in or deletion of its important 

catalytic domains in an Acsl KD background. If Acsl enzymatic activity is required to 

rescue the phenotype, then no rescue should be observed with the enzymatically inactive 

Acsl. 

4.6.5. Measure function in mammals 

 Ultimately, to demonstrate that ACSL4 is required in mammalian glia, it would be 

necessary to develop a glial specific knock-down or knock-out genetic model. If ACSL4 

were specifically removed either from all glia, or specifically from astrocytes, it would be 

possible to analyze these animals for similar defects in glial placement, neuronal 

signaling, density of pre-synapses, and neuropil separation. Although there are no 

recorded visual effects in ACSL4-mediated intellectual disability, the visual system of 

mammalian models has also been well studied, and could provide a starting place for 
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detailed analysis of the role of ACSL4 in mammalian glia. It is possible to record the 

electrical activity of mammalian eyes; however, morphological analysis would be most 

appropriate in the neuropil rich areas, perhaps in the lateral geniculate nucleus of the 

thalamus or the visual cortex of the occipital lobes, as these are most analogous to the 

neuropil of the Drosophila optic lobe. Moreover, in a mammalian system, the effect of 

glial ACSL4 on the development of dendritic spines could be assessed, either in the visual 

cortex or in the hippocampus, as previous studies observed defects in cultured rat 

hippocampal neurons (Meloni et al., 2009). This would be particularly illuminating, as a 

reduction in the number of dendritic spines is the primary neuronal phenotype observed 

in in vitro ACSL4 neuronal knock-down (Meloni et al., 2009), as well as in patient tissue 

(Purpura, 1974). It would also be instructive to compare removal of ACSL4 from glia 

with removal of ACSL3 from glia, in order to further elucidate the glial functions of these 

two enzymes.  

4.6.6. Measure cognitive capacity in animal models 

 Thus far, I have measured visual activity and behavior in flies. However, visual 

defects are not the defining characteristic of ACSL4 mediated intellectual disability. 
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Accordingly, measuring learning and memory in flies, as well as mice, that have either 

Acsl or ACSL4 specifically removed from glia, would be an interesting area of study. 

Additional study of social deficits, especially in mammalian models, might provide 

further insight into the role of glia in intellectual disability caused by mutations in 

ACSL4. 

4.6.7. Measure endosomal trafficking in glia 

 Since a function for Drosophila Acsl in endosomal trafficking has been proposed 

in neurons, it would be interesting to test whether Acsl has a similar function in glia. In 

Liu et al., 2014, they analyzed the distribution of several endosomal markers, including 

the early endosome marker Rab5, and the late endosome markers Dor, Hook, and 

Spinster, and found them to be abnormal compared to controls. Of these, analysis of 

Spinster would be most interesting, as it already has proven expression and function in 

optic lobe glia during development (Yuva-Aydemir et al., 2011). 
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4.6.8. Correlate physiological phenotype with morphological phenotype 

 In many experiments in this body of work, there is evidence of variable 

penetrance of the phenotype. My efforts to raise an antibody to Drosophila Acsl were 

unsuccessful, so I was unable to verify to what extent protein levels of Acsl were reduced 

in individual flies. It is still possible to correlate the ERG phenotype and morphological 

phenotype by identifying individual flies, recording the ERG, and immediately 

dissecting. It would be interesting to compare the severity of the physiological and 

morphological phenotypes: do flies with ectopic neuropil reliably have a loss of ‘on 

transient’? Are there morphological differences in flies with loss of both the ‘on’ and 

‘off’ transients? Is BRP density more reduced in flies with a loss of both transients? A 

similar analysis with ACSL4 rescue flies, in which rescue of morphology could be 

correlated with rescue of the ERG, would be interesting.  

 It would also be interesting to correlate ERG and morphology with behavior. 

Unfortunately, the behavioral assays used in this project require pooling at least 50 flies 

and measuring their behavior simultaneously. However, assays that record the behavior 

of individual flies exist, such as the Visual Alert Response Assay developed in my lab 
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(see Chaturvedi et al., 2014). Moreover, the phototaxis assay proposed in section 4.6.3 

above could be adapted to measure individual flies; thus, both motion and color vision 

could be tested. 

4.6.9. Further investigate the impact on the post-synapse and post-synaptic neurons 

 In this study, synapses were measured using the pre-synaptic marker BRP. While 

there is ample evidence that the pre-synapse and pre-synaptic cell are the major 

determinates of synapse number during development of the lamina (Frohlich and 

Meinertzhagen, 1982; Fröhlich and Meinertzhagen, 1983, 1987; Meinertzhagen and 

Fröhlich, 1983; Meinertzhagen, 1993), I cannot conclusively determine whether there are 

similar defects in the density of the post-synapse without further experimentation. To 

directly assess the post-synapse, I could either stain with an antibody raised to the post-

synaptic histamine receptor on lamina neurons (Hong et al., 2006a), or I could quantify 

the post-synapse on electron microscopy images. The latter method offers a further 

benefit in that it would allow me to assess whether there were any structural defects in the 

post-synapse, as well as a defect in density.  
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 The post-synaptic lamina neurons elaborate processes that invaginates into the 

photoreceptor terminals, and on which the post-synapse develops. While arthropods do 

not develop dendrites or dendritic spines, as do mammals, these processes are analogous 

structures. Since defects in the number and development of dendritic spines are a 

recurring phenotype in tissue taken from intellectual disability patients, assessing the 

density and distribution of post-synaptic processes in glial Acsl KD flies could be an 

interesting and fruitful endeavor.  

4.6.10. Expand rescue experiments 

 In this study I present evidence that ACSL4 can rescue the morphological 

phenotype. However, further study to determine whether ACSL4 can also rescue the 

electrophysiological phenotype would be beneficial. Given the multiple pathways Acsl is 

likely to regulate, it would be enlightening to further rescue with individual Acsl 

isoforms, as well as to confirm their putative subcellular localizations. In this way, it 

would be possible to directly link an isoform to a particular function of Acsl, and to 

correlate these functions with the potential functions of ACSL4 isoforms 1 and 2, and 

ACSL3.  
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4.7. Concluding Remarks 

The central purpose of the nervous system is to collect and process data, and 

generate a response. Through the interpretation of both simple (e.g. sensory stimulus) and 

complex (e.g. emotional stimulus) data, the nervous system allows us to interact with our 

environment, as well as providing us with a rich internal experience. When the function 

of the nervous system is disrupted the effects are profound, both on the affected 

individual and their community. Better understanding of the pathophysiology of nervous 

system disorders is thus of critical importance. Previous work has demonstrated that glial 

defects significantly contribute to the development of nervous system disorders, such as 

intellectual disability. In this study, I substantiated a novel role for a gene known to cause 

intellectual disability, ACSL4/Acsl, in glia, and found that it affected neuronal signaling 

and both neuronal and glial morphology. These findings have significant implications for 

understanding the potential role glia play in pathophysiology of ACSL4-linked 

intellectual disability, and developmental disorders of the nervous system in general.  
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APPENDIX A. TABLE OF EXPERIMENTS 
Experiment/Genotype N Penetrance 

of phenotype 
Mean SEM P value Type of Analysis 

Cell type screen: C.S. wild type 
control. ‘On transient’ mean. 

23 N/A 1.452 0.1332 N/A  N/A  

Cell type screen: C.S. wild type 
control. ‘Off transient’ mean. 

23 N/A 5.483 0.4595 N/A N/A 

Cell type screen: C.S. wild type 
control. Loss of ‘on transient’. 

23 0% loss of ‘on 
transient’ 

N/A N/A N/A N/A 

Cell type screen: C.S. wild type 
control. Loss of ‘on’ and ‘off’ 
transients. 

23 0% loss of 
both 
transients 

N/A N/A N/A N/A 

Cell type screen: repo-Gal4> Acsl 
RNAi. ‘On transient’ mean. 

22 N/A  0.05909 0.02917 <0.0001 vs. wild type Unpaired, two-
tailed, t-test 

Cell type screen: repo-Gal4> Acsl 
RNAi. ‘Off transient’ mean. 

22 N/A 2.045 0.3857 <0.0001 vs. wild type Unpaired, two-
tailed, t-test 

Cell type screen: repo-Gal4> Acsl 
RNAi. Loss of ‘on transient’. 

22 82% loss of 
‘on transient’ 

N/A N/A <0.0001 vs. wild type Chi-square (Fischer’s 
exact test) 

Cell type screen: repo-Gal4> Acsl 
RNAi. Loss of ‘on’ and ‘off’ 
transients. 

22 18% loss of 
both 
transients 

N/A N/A 0.0491 vs. wild type Chi-square (Fischer’s 
exact test) 

Cell type screen: elav-Gal4> Acsl 
RNAi. ‘On transient’ mean. 

15 N/A  1.573 0.1375 0.5465 vs. wild type Unpaired, two-
tailed, t-test 

Cell type screen: elav-Gal4> Acsl 
RNAi. ‘Off transient’ mean. 

14 N/A 3.957 
 

0.6114 
 

0.0518 vs. wild type Unpaired, two-
tailed, t-test 

Cell type screen: elav-Gal4> Acsl 
RNAi. Loss of ‘on transient’.  

15 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Cell type screen: elav-Gal4> Acsl 
RNAi. Loss of ‘on’ and ‘off’ 
transients. 

14 0% loss of 
both 
transients 

N/A N/A >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Glial subtype screen: TIFR-Gal4> 
Acsl RNAi. ‘On transient’ mean. 

40 N/A  0.1600 
 

0.07965 
 

<0.0001 vs. TIFR> Luc 
RNAi 

Unpaired, two-
tailed, t-test  

Glial subtype screen: TIFR-Gal4> 
Acsl RNAi. ‘Off transient’ mean. 

40 N/A 2.420 
 

0.3444 
 

<0.0001 vs. TIFR> Luc 
RNAi 

Unpaired, two-
tailed, t-test 

Glial subtype screen: TIFR-Gal4> 
Acsl RNAi. Loss of ‘on transient’. 

40 85% loss of 
‘on transient’ 

N/A N/A <0.0001 vs. TIFR> Luc 
RNAi 

Chi-square (Fischer’s 
exact test) 

Glial subtype screen: TIFR-Gal4> 
Acsl RNAi. Loss of ‘on’ and ‘off’ 
transients. 

40 20% loss of 
both 
transients 

N/A N/A 0.0899 vs. TIFR> Luc 
RNAi 
0.0225 vs. wild type 

Chi-square (Fischer’s 
exact test) 

Glial subtype screen: TIFR-Gal4> 
Luc RNAi. ‘On transient’ mean. 

17 N/A  1.341 0.09965 
 

0.8410 vs. wild type Unpaired, two-
tailed, t-test  

Glial subtype screen: TIFR-Gal4> 
Luc RNAi. ‘Off transient’ mean. 

17 N/A  5.318 
 

0.3426 
 

0.8173 vs. wild type Unpaired, two-
tailed, t-test  

Glial subtype screen: TIFR-Gal4> 
Luc RNAi. Loss of ‘on transient’. 

17 0% loss of ‘on 
transient’ 

N/A  N/A  >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Glial subtype screen: TIFR-Gal4> 
Luc RNAi. Loss of ‘on’ and ‘off’ 
transients. 

17 0% loss of 
both 
transients 

N/A  N/A  >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Glial subtype screen: Alrm-Gal4> 
Acsl RNAi. Loss of ‘on transient’.  

5 0% loss of ‘on 
transient’ 

N/A  N/A  >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Glial subtype screen: Gcm-Gal4> 
Acsl RNAi. Loss of ‘on transient’. 

4 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Glial subtype screen: hisCl1-Gal4> 
Acsl RNAi. Loss of ‘on transient’. 

4 0% loss of ‘on 
transient’ 

N/A  N/A  >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Glial subtype screen: loco-Gal4> 
Acsl RNAi. Loss of ‘on transient’. 

4 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Glial subtype screen: mmd-Gal4> 
Acsl RNAi. Loss of ‘on transient’. 

4 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Glial subtype screen: moody-
Gal4> Acsl RNAi. Loss of ‘on 
transient’. 

4 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Glial subtype screen: mz97-Gal4> 
Acsl RNAi. Loss of ‘on transient’. 

5 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Glial subtype screen: mz0709-
Gal4> Acsl RNAi. Loss of ‘on 
transient’. 

4 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Glial subtype screen: Nrv2-Gal4> 
Acsl RNAi. Loss of ‘on transient’. 

4 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. wild type Chi-square (Fischer’s 
exact test) 

Alternate RNAis: repo-Gal4> 
HMS02307 (41885). Loss of ‘on 
transient’. 

10 80% loss of 
‘on transient’ 

N/A N/A <0.0001 vs. wild type 
 

Chi-square (Fischer’s 
exact test) 

Alternate RNAis: repo-Gal4> 
HMS02307 (41885). Loss of ‘on’ 
and ‘off’ transients. 

10 20% loss of 
both 
transients 

N/A N/A 0.0852 vs. wild type 
 

Chi-square (Fischer’s 
exact test) 

Alternate RNAis: repo-Gal4> 
GD1638 (3222). Loss of ‘on 
transient’. 

10 80% loss of 
‘on transient’ 

N/A N/A <0.0001 vs. wild type Chi-square (Fischer’s 
exact test) 

Alternate RNAis: repo-Gal4> 
GD1638 (3222). Loss of ‘on’ and 
‘off’ transients. 

10 0% loss of 
both 
transients 

N/A N/A .3235 vs. wild type 
 

Chi-square (Fischer’s 
exact test) 

Behavior, Optomotor response, 
young flies: TIFR-Gal4> Luc RNAi 

 N/A .848 to .638 .056 to .012 Factor 1 (contrast 
difference): <.0001 
Factor 2 (genotype): 
<.0001 
Interaction: .0064 
All vs. TIFR> Acsl RNAi 
and NorpA 

2-Way ANOVA 
without repeated 
measures 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Behavior, Optomotor response, 
young flies: TIFR-Gal4> Luc RNAi 

 N/A .848 to .638 .056 to .012 Significant differences 
in response at higher 
contrast levels to 
lowest contrast level 
(p values .0075 to 
<.0001) 
Significant differences 
at each contrast level 
vs. NorpA (p values 
<.0001, except 19.04% 
contrast p value = 
.1614).  

Tukey’s multiple 
comparisons test 

Behavior, Optomotor response, 
young flies: TIFR-Gal4> Acsl RNAi 

 N/A .903 to .660 .052 to .017 Factor 1 (contrast 
difference): <.0001 
Factor 2 (genotype): 
.2083 
Interaction: .6724 
All vs. TIFR> Luc RNAi 

2-Way ANOVA 
without repeated 
measures 

Behavior, Optomotor response, 
young flies: TIFR-Gal4> Acsl RNAi 

 N/A .903 to .660 .052 to .017 Significant differences 
in response at higher 
contrast levels to 
lowest contrast level 
(p values .0481 to 
<.0001). Significant 
differences at each 
contrast level vs. 
NorpA (p values 
<.0001, except 19.04% 
contrast p value = 
.0326).  

Tukey’s multiple 
comparisons test 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Behavior, Optomotor response, 
young flies: NorpA 

 N/A .538 to .505 .022 to .005 Factor 1 (contrast 
difference): .0008 
Factor 2 (genotype): 
<.0001 
Interaction: .0008 
All vs. TIFR> Luc RNAi 

2-Way ANOVA 
without repeated 
measures 

Behavior, Optomotor response, 
young flies: NorpA 

 N/A .538 to .505 .022 to .005 No significant 
difference in 
comparison of any 
contrast level response 
with any other within 
genotype (p values 
>.9999).  

Tukey’s multiple 
comparisons test 

Behavior, Optomotor response, 
aged flies: TIFR-Gal4> Luc RNAi 

 N/A .547 to .800 .015 to .133 Factor 1 (contrast 
difference): .1685 
Factor 2 (genotype): 
.0003 
Interaction: .9025 
All vs. TIFR> Acsl RNAi 
and NorpA 

2-Way ANOVA 
without repeated 
measures 

Behavior, Optomotor response, 
aged flies: TIFR-Gal4> Luc RNAi 

 N/A .547 to .800 .015 to .133 No significant 
difference found in 
any comparison.  

Tukey’s multiple 
comparisons test 

Behavior, Optomotor response, 
aged flies: TIFR-Gal4> Acsl RNAi 

 N/A .450 to .680 .009 to .155 Factor 1 (contrast 
difference): .2107 
Factor 2 (genotype): 
.0714 
Interaction: .9536 
All vs. TIFR> Luc RNAi 

2-Way ANOVA 
without repeated 
measures 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Behavior, Optomotor response, 
aged flies: TIFR-Gal4> Acsl RNAi 

 N/A .450 to .680 .009 to .155 No significant 
difference found in 
any comparison. 

Tukey’s multiple 
comparisons test 

Behavior, Optomotor response, 
aged flies: NorpA 

 N/A .500 to .550 .003 to .031 Factor 1 (contrast 
difference): .4332 
Factor 2 (genotype): 
<.0001 
Interaction: .6693 
All vs. TIFR> Luc RNAi 

2-Way ANOVA 
without repeated 
measures 

Behavior, Optomotor response, 
aged flies: NorpA 

 N/A .500 to .550 .003 to .031 No significant 
difference found in 
any comparison. 

Tukey’s multiple 
comparisons test 

TIFR-Gal4 is expressed in 
marginal and Giant Optic Chiasm 
Glia: TIFR-Gal4> tdTomato 

5 N/A N/A N/A N/A N/A 

Mislocalized glia: TIFR-Gal4> Luc 
RNAi 

8 0% 
mislocalized 
glia 

N/A N/A N/A N/A 

Mislocalized glia: TIFR-Gal4> Acsl 
RNAi 

11 100% 
mislocalized 
glia 

N/A N/A <.0001 vs. TIFR-Gal4> 
Luc RNAi 

Chi-Square 
(Fischer’s exact test) 

Quantification of Glial nuclei in 
the distal optic lobe: TIFR-Gal4> 
Luc RNAi 

8 N/A Marginal Glia 
Layer: 0.6981 
Distal Chiasm:  
0.5268 
Medulla 
neuropil: 0 

Marginal Glia 
Layer: 0.3906 
Distal Chiasm:  
0.1626 
Medulla 
neuropil: 0 

N/A N/A 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Quantification of Glial nuclei in 
the distal optic lobe: TIFR-Gal4> 
Acsl RNAi 

10 N/A Marginal Glia 
Layer: 0.6817 
Distal Chiasm:  
1.259 
Medulla 
neuropil: 
1.371 

Marginal Glia 
Layer: 0.3211 
Distal Chiasm:  
0.4838 
Medulla 
neuropil: 
.7326 
 

Marginal Glia Layer: 
0.8982 
Distal Chiasm:  
0.3917 
Medulla neuropil: 
.0001 
All vs. TIFR-Gal4> Luc 
RNAi 

Multiple t-tests, 
adjusted for false 
discovery rate 

Quantification of glial nuclei in all 
3 layers: TIFR-Gal4> Luc RNAi 

8 N/A .4356 .1668 N/A N/A 

Quantification of glial nuclei in all 
3 layers: TIFR-Gal4> Acsl RNAi 

10 N/A 1.309 .4467 .1148 vs. TIFR-Gal4> 
Luc RNAi 

Unpaired, , 2 tailed 
t-test 

Quantification of Giant Optic 
Chiasm nuclei: TIFR-Gal4> Luc 
RNAi 

7 N/A .4754 .2308 N/A N/A 

Quantification of Giant Optic 
Chiasm nuclei: TIFR-Gal4> Acsl 
RNAi 

7 N/A .7683 .1019 .2681 vs. TIFR-Gal4> 
Luc RNAi 

Unpaired, 2 tailed t-
test 

TIFR+ glia have disorganized 
processes: TIFR-Gal4> Luc RNAi 

8 N/A N/A N/A N/A N/A 

TIFR+ glia have disorganized 
processes: TIFR-Gal4> Acsl RNAi 

11 N/A N/A N/A N/A N/A 

TIFR+ glial process in the lamina 
are unchanged: TIFR-Gal4> Luc 
RNAi 

8 N/A 43.83 3.459 N/A N/A 

TIFR+ glial process in the lamina 
are unchanged: TIFR-Gal4> Acsl 
RNAi 

11 N/A 58.39 9.991 .2477 vs. TIFR-Gal4> 
Luc RNAi 

Unpaired, 2 tailed t-
test 

Characterization of ectopic 
neuropil: TIFR-Gal4> Luc RNAi 

8 0% ectopic 
neuropil 

N/A N/A N/A N/A 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Characterization of ectopic 
neuropil: TIFR-Gal4> Acsl RNAi 

11 55% ectopic 
neuropil 

N/A N/A .0181 vs. TIFR-Gal4> 
Luc RNAi 

Chi-square (Fischer’s 
exact test) 

BRP density is not changed in 
TIFR KD adults Lamina: TIFR-
Gal4> Luc RNAi 

8 N/A 116 10.74 N/A N/A 

BRP density is not changed in 
TIFR KD adults Lamina: TIFR-
Gal4> Acsl RNAi 

11 N/A 100.2 5.281 .1707 vs. TIFR-Gal4> 
Luc RNAi 

Unpaired, 2 tailed t-
test 

BRP density is not changed in 
TIFR KD adults Medulla: TIFR-
Gal4> Luc RNAi 

7 N/A 120.2 9.79 N/A N/A 

BRP density is not changed in 
TIFR KD adults Medulla: TIFR-
Gal4> Acsl RNAi 

7 N/A 140.4 9.132 .1577 Unpaired, 2 tailed t-
test 

ACSL4 rescues the mislocalized 
glia phenotype: TIFR-Gal4> Luc 
RNAi, ACSL4 

6 0% 
mislocalized 
glia 

N/A N/A N/A N/A 

ACSL4 rescues the mislocalized 
glia phenotype: TIFR-Gal4> Acsl 
RNAi, ACSL4 

14 43% 
mislocalized 
glia 

N/A N/A .1149 vs. TIFR-Gal4> 
Luc RNAi, ACSL4 

Chi-square (Fischer’s 
exact test) 

ACSL4 rescues the mislocalized 
glia phenotype: TIFR-Gal4> Acsl 
RNAi alone 

11 100% 
mislocalized 
glia 

N/A N/A .0029 vs. TIFR-Gal4> 
Acsl RNAi, ACSL4 

Chi-square (Fischer’s 
exact test) 

ACSL4 rescues the ectopic 
neuropil phenotype: TIFR-Gal4> 
Luc RNAi, ACSL4 

6 0% ectopic 
neuropil 

N/A N/A N/A N/A 

ACSL4 rescues the ectopic 
neuropil phenotype: TIFR-Gal4> 
Acsl RNAi, ACSL4 

14 7% ectopic 
neuropil 

N/A N/A >.9999 vs. TIFR-Gal4> 
Luc RNAi, ACSL4 

Chi-square (Fischer’s 
exact test) 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

ACSL4 rescues the ectopic 
neuropil phenotype: TIFR-Gal4> 
Acsl RNAi alone 

11 55% ectopic 
neuropil 

N/A N/A .0213 vs. TIFR-Gal4> 
Acsl RNAi, ACSL4 

Chi-square (Fischer’s 
exact test) 

Quantification of 3IL marginal glia 
nuclei: TIFR-Gal4> Luc RNAi 

8 N/A .4441 .2007 N/A N/A 

Quantification of 3IL marginal glia 
nuclei: TIFR-Gal4> Acsl RNAi 

13 N/A .3692 .09645 .7102 vs. TIFR> Luc 
RNAi 

Unpaired, 2 tailed t-
test 

Glial processes are abnormal 
during 3IL: TIFR-Gal4> Luc RNAi 

8 N/A N/A N/A N/A N/A 

Glial processes are abnormal 
during 3IL: TIFR-Gal4> Acsl RNAi 

13 N/A N/A N/A N/A N/A 

P50 quantification of Glial nuclei 
in the distal optic lobe: TIFR-
Gal4> Luc RNAi 

8 N/A Marginal Glia 
Layer: 0.4839 
Distal Chiasm:  
1.008 
Medulla 
neuropil: 0 

Marginal Glia 
Layer: .04411 
Distal Chiasm:  
0.2272 
Medulla 
neuropil: 0 

N/A N/A 

P50 quantification of Glial nuclei 
in the distal optic lobe: TIFR-
Gal4> Acsl RNAi 

9 N/A Marginal Glia 
Layer: 0.7864 
Distal Chiasm:  
1.93 
Medulla 
neuropil: 
1.494 

Marginal Glia 
Layer: 0.1587 
Distal Chiasm:  
0.4395 
Medulla 
neuropil: 
0.5513 

Marginal Glia Layer: 
0.2483 
Distal Chiasm:  
0.006850 
Medulla neuropil: 
0.002601 
All vs. TIFR-Gal4> Luc 
RNAi 

Multiple t-tests, 
adjusted for false 
discovery rate 

P50 quantification of Glial nuclei 
in all 3 layers: TIFR-Gal4> Luc 
RNAi 

8 N/A 0.3989 .0525 N/A N/A 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

P50 quantification of Glial nuclei 
in all 3 layers: TIFR-Gal4> Acsl 
RNAi 

9 N/A 1.052 .2522 .0302 vs. TIFR-Gal4> 
Luc RNAi 

Unpaired, 2 tailed t-
test 

P50 mislocalized glia are located 
throughout the medulla: TIFR-
Gal4> Luc RNAi 

8 N/A N/A N/A N/A N/A 

P50 mislocalized glia are located 
throughout the medulla: TIFR-
Gal4> Acsl RNAi 

9 N/A N/A N/A N/A N/A 

P50 TIFR+ glia are closely 
associated with R7/R8 processes: 
TIFR-Gal4> Luc RNAi 

8 N/A N/A N/A N/A N/A 

P50 TIFR+ glia are closely 
associated with R7/R8 processes: 
TIFR-Gal4> Acsl RNAi 

9 N/A N/A N/A N/A N/A 

Developmental Expression of 
RNAi: Eclosion: repo> Luc RNAi 
ERG. ‘On transient’ mean. 

15 N/A  1.133 
 

0.1563 
 

N/A   

Developmental Expression of 
RNAi: Eclosion: repo> Luc RNAi 
ERG. ‘Off transient’ mean. 

14 N/A 2.379 0.406 
 

N/A N/A 

Developmental Expression of 
RNAi: Eclosion: repo> Luc RNAi 
ERG. Loss of ‘on transient’. 

15 0% loss of ‘on 
transient’ 

N/A N/A N/A N/A 

Developmental Expression of 
RNAi: Eclosion: repo> Luc RNAi 
ERG. Loss of ‘on’ and ‘off’ 
transients. 

14 0% loss of 
both 
transients 

N/A N/A N/A N/A 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Developmental Expression of 
RNAi: Eclosion: repo> Acsl RNAi 
ERG. ‘On transient’ mean. 

21 N/A  0.381 
 

0.1073 
 

0.0002 vs. repo> Luc 
RNAi 

Unpaired, 2 tailed t-
test  

Developmental Expression of 
RNAi: Eclosion: repo> Acsl RNAi 
ERG. ‘Off transient’ mean. 

20 N/A 1.79 
 

0.3453 
 

0.2791 vs. repo> Luc 
RNAi 

Unpaired, 2 tailed t-
test 

Developmental Expression of 
RNAi: Eclosion: repo> Acsl RNAi 
ERG. Loss of ‘on transient’. 

21 52% loss of 
‘on transient’ 

N/A N/A 0.0008 vs. repo> Luc 
RNAi 

Chi-square (Fischer’s 
exact test) 

Developmental Expression of 
RNAi: Eclosion: repo> Acsl RNAi 
ERG. Loss of ‘on’ and ‘off’ 
transients. 

20 0% loss of 
both 
transients 

N/A N/A >0.9999 vs. repo> Luc 
RNAi 
 

Chi-square (Fischer’s 
exact test) 

Developmental Expression of 
RNAi: 10 Day: repo> Luc RNAi 
ERG. ‘On transient’ mean. 

9 N/A  1.267 
 

0.1972 
 

N/A  N/A  

Developmental Expression of 
RNAi: 10 Day: repo> Luc RNAi 
ERG. ‘Off transient’ mean. 

9 N/A 3.9 
 

0.5367 
 

N/A N/A 

Developmental Expression of 
RNAi: 10 Day: repo> Luc RNAi 
ERG. Loss of ‘on transient’. 

9 0% loss of ‘on 
transient’ 

N/A N/A N/A N/A 

Developmental Expression of 
RNAi: 10 Day: repo> Luc RNAi 
ERG. Loss of ‘on’ and ‘off’ 
transients. 

9 0% loss of 
both 
transients 

N/A N/A N/A N/A 

Developmental Expression of 
RNAi: 10 Day: repo> Acsl RNAi 
ERG. ‘On transient’ mean. 

8 N/A  0.125 
 

0.125 
 

0.0003 vs. repo> Luc 
RNAi 

Unpaired, 2 tailed t-
test  
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Developmental Expression of 
RNAi: 10 Day: repo> Acsl RNAi 
ERG. ‘Off transient’ mean. 

8 N/A 0.575 
 

0.4057 
 

0.0002 vs. repo> Luc 
RNAi 

Unpaired, 2 tailed t-
test 

Developmental Expression of 
RNAi: 10 Day: repo> Acsl RNAi 
ERG. Loss of ‘on transient’. 

8 88% loss of 
‘on transient’ 

N/A N/A 0.0003 vs. repo> Luc 
RNAi 

Chi-square (Fischer’s 
exact test) 

Developmental Expression of 
RNAi: 10 Day: repo> Acsl RNAi 
ERG. Loss of ‘on’ and ‘off’ 
transients. 

8 75% loss of 
both 
transients 

N/A N/A 0.0023 vs. repo> Luc 
RNAi 

Chi-square (Fischer’s 
exact test) 

Developmental Expression of 
RNAi: Eclosion: repo-Gal4> Luc 
RNAi BRP Density 

8 N/A 92.62 7.682 N/A N/A 

Developmental Expression of 
RNAi: Eclosion: repo-Gal4> Acsl 
RNAi BRP Density 

9 N/A 70.2 6.392 .0390 vs. repo-Gal4> 
Luc RNAi 

Unpaired, 2 tailed t-
test 

Developmental Expression of 
RNAi: 10 day: repo-Gal4> Luc 
RNAi BRP Density 

6 N/A 96.59 9.13 N/A N/A 

Developmental Expression of 
RNAi: 10 day: repo-Gal4> Acsl 
RNAi BRP Density 

7 N/A 107.7 5.373 .2995 vs. repo-Gal4> 
Luc RNAi 

Unpaired, 2 tailed t-
test 

Developmental Expression of 
RNAi: Eclosion: repo-Gal4> Luc 
RNAi mislocalized glia 

8 0% 
mislocalized 
glia 

N/A N/A N/A N/A 

Developmental Expression of 
RNAi: Eclosion: repo-Gal4> Acsl 
RNAi mislocalized glia 

9 0% 
mislocalized 
glia 

N/A N/A >.9999 vs repo-Gal4> 
Luc RNAi 

Chi-square (Fischer’s 
exact test) 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Developmental Expression of 
RNAi: 10 day: repo-Gal4> Luc 
RNAi mislocalized glia 

6 0% 
mislocalized 
glia 

N/A N/A N/A N/A 

Developmental Expression of 
RNAi: 10 day: repo-Gal4> Acsl 
RNAi mislocalized glia 

7 57% 
mislocalized 
glia 

N/A N/A .0261 vs. repo-Gal4> 
Luc RNAi 

Chi-square 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Luc RNAi 
ERG. ‘On transient’ mean. 

10 N/A  1.24 
 

0.1887 
 

N/A N/A 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Luc RNAi 
ERG. ‘Off transient’ mean. 

10 N/A 3.1 
 

0.6939 
 

N/A N/A 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Luc RNAi 
ERG. Loss of ‘on transient’.  

10 0% loss of ‘on 
transient’ 

N/A N/A N/A N/A 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Luc RNAi 
ERG. Loss of ‘on’ and ‘off’ 
transients. 

10 0% loss of 
both 
transients 

N/A N/A N/A N/A 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Acsl RNAi 
ERG. ‘On transient’ mean. 

16 N/A  1.25 
 

0.1571 
 

0.9682 vs. repo> Luc 
RNAi 

Unpaired, 2 tailed t-
test  

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Acsl RNAi 
ERG. ‘Off transient’ mean. 

15 N/A 3.693 
 

0.4682 
 

0.4684 vs. repo> Luc 
RNAi 

Unpaired, 2 tailed t-
test 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Acsl RNAi 
ERG. Loss of ‘on transient’.  

16 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. repo> Luc 
RNAi 

Chi-square (Fischer’s 
exact test) 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Acsl RNAi 
ERG. Loss of ‘on’ and ‘off’ 
transients. 

15 0% loss of 
both 
transients 

N/A N/A >0.9999 vs. repo> Luc 
RNAi 

Chi-square (Fischer’s 
exact test) 

Adult Expression of RNAi: 10 Day: 
repo-Gal4> Luc RNAi ERG. ‘On 
transient’ mean. 

11 N/A  1.391 
 

0.2078 
 

N/A N/A 

Adult Expression of RNAi: 10 Day: 
repo-Gal4> Luc RNAi ERG. ‘Off 
transient’ mean. 

11 N/A 3.218 
 

0.4319 
 

N/A N/A 

Adult Expression of RNAi: 10 Day: 
repo-Gal4> Luc RNAi ERG. Loss of 
‘on transient’.  

11 0% loss of ‘on 
transient’ 

N/A N/A N/A N/A 

Adult Expression of RNAi: 10 Day: 
repo-Gal4> Luc RNAi ERG. Loss of 
‘on’ and ‘off’ transients. 

11 0% loss of 
both 
transients 

N/A N/A N/A N/A 

Adult Expression of RNAi: 10 Day: 
repo-Gal4> Acsl RNAi ERG. ‘On 
transient’ mean. 

18 N/A  1.3 
 

0.1901 
 

0.7586 vs. repo> Luc 
RNAi 

Unpaired, 2 tailed t-
test  

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Acsl RNAi 
ERG. ‘Off transient’ mean. 

18 N/A 2.6 
 

0.3711 
 

0.2561 vs. repo> Luc 
RNAi 

Unpaired, 2 tailed t-
test 

Adult Expression of RNAi: 10 Day: 
repo-Gal4> Acsl RNAi ERG. Loss of 
‘on transient’.  

18 0% loss of ‘on 
transient’ 

N/A N/A >0.9999 vs. repo> Luc 
RNAi 

Chi-square (Fischer’s 
exact test) 

Adult Expression of RNAi: 10 Day: 
repo-Gal4> Acsl RNAi ERG. Loss of 
‘on’ and ‘off’ transients. 

18 0% loss of 
both 
transients 

N/A N/A >0.9999 vs. repo> Luc 
RNAi 

Chi-square (Fischer’s 
exact test) 
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Experiment/Genotype N Penetrance 
of phenotype 

Mean SEM P value Type of Analysis 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Luc RNAi 
BRP density 

8 N/A 87.22 8.968 N/A N/A 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Acsl RNAi 
BRP density 

12 N/A 83.13 4.374 .6556 vs. repo-Gal4> 
Luc RNAi 

Unpaired, 2 tailed t-
test 

Adult Expression of RNAi: 10 day: 
repo-Gal4> Luc RNAi BRP density 

7 N/A 108.1 11.58 N/A N/A 

Adult Expression of RNAi: 10 day: 
repo-Gal4> Acsl RNAi BRP density 

6 N/A 91.03 8.164 .2680 vs repo-Gal4> 
Luc RNAi 

Unpaired, 2 tailed t-
test 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Luc RNAi 
mislocalized glia 

8 0% 
mislocalized 
glia 

N/A N/A N/A N/A 

Adult Expression of RNAi: 
Eclosion: repo-Gal4> Acsl RNAi 
mislocalized glia 

12 0% 
mislocalized 
glia 

N/A N/A >.9999 vs repo-Gal4> 
Luc RNAi 

Chi-square (Fischer’s 
exact test) 

Adult Expression of RNAi: 10 day: 
repo-Gal4> Luc RNAi mislocalized 
glia 

7 0% 
mislocalized 
glia 

N/A N/A N/A N/A 

Adult Expression of RNAi: 10 day: 
repo-Gal4> Acsl RNAi 
mislocalized glia 

6 0% 
mislocalized 
glia 

N/A N/A >.9999 vs repo-Gal4> 
Luc RNAi 

Chi-square (Fischer’s 
exact test) 

ACSL4 colocalizes with 
mammalian glial markers: Wild 
type mouse, no pre-absorption 

4 N/A N/A N/A N/A N/A 

ACSL4 colocalizes with 
mammalian glial markers: Wild 
type mouse, with pre-absorption 

2 N/A N/A N/A N/A N/A 
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APPENDIX B. ERG TRACES 

Genotype: C.S. wild type 

Phenotype: with transient 
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Genotype: elav-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: repo-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: repo-Gal4> Acsl RNAi 

Phenotype: loss of ‘on transient’ 
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Genotype: repo-Gal4> Acsl RNAi 

Phenotype: loss of ‘on’ and ‘off’ transients 
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Genotype: TIFR-Gal4> Luc RNAi 

Phenotype: with transient 
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Genotype: TIFR-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: TIFR-Gal4> Acsl RNAi 

Phenotype: loss of ‘on transient’ 
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Genotype: TIFR-Gal4> Acsl RNAi 

Phenotype: loss of ‘on’ and ‘off’ transients 
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Genotype: repo-Gal4> 41885 (HMS02307) 

Phenotype: with transient 
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Genotype: repo-Gal4> 41885 (HMS02307) 

Phenotype: loss of ‘on transient’ 
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Genotype: repo-Gal4> 41885 (HMS02307) 

Phenotype: loss of ‘on’ and ‘off’ transients 
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repo-Gal4> 3222 (GD1638) 

Phenotype: with transient 
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repo-Gal4> 3222 (GD1638) 

Phenotype: loss of ‘on transient’ 

 

 



279 
 

 

 



280 
 

 

 



281 
 

 

 

 

  



282 
 

Genotype: alrm-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: Gcm-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: hisCl1-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: loco-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: mmd-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: moody-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: Mz97-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: Mz0709-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: nrv2-Gal4> Acsl RNAi 

Phenotype: with transient 
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Genotype: tubGal80ts; repo-Gal4> Luc RNAi 

Experiment: developmental heat shift, eclosion 

Phenotype: with transient 
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Genotype: tubGal80ts; repo-Gal4> Acsl RNAi 

Experiment: developmental heat shift, eclosion 

Phenotype: with transient 
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Genotype: tubGal80ts; repo-Gal4> Acsl RNAi 

Experiment: developmental heat shift, eclosion 

Phenotype: loss of ‘on transient’ 
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Genotype: tubGal80ts; repo-Gal4> Luc RNAi 

Experiment: developmental heat shift, 10 day 

Phenotype: with transient 
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Genotype: tubGal80ts; repo-Gal4> Acsl RNAi 

Experiment: developmental heat shift, 10 day 

Phenotype: with transient 
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Genotype: tubGal80ts; repo-Gal4> Acsl RNAi 

Experiment: developmental heat shift, 10 day 

Phenotype: loss of ‘on transient’ 
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Genotype: tubGal80ts; repo-Gal4> Acsl RNAi 

Experiment: developmental heat shift, 10 day 

Phenotype: loss of ‘on’ and ‘off’ transients 
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Genotype: tubGal80ts; repo-Gal4> Luc RNAi 

Experiment: adult heat shift, eclosion 

Phenotype: with transient 
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Genotype: tubGal80ts; repo-Gal4> Acsl RNAi 

Experiment: adult heat shift, eclosion 

Phenotype: with transient 

 



337 
 

 

 

 



338 
 

 

 



339 
 

 

 



340 
 

 

 



341 
 

 

 

 

  



342 
 

 

 



343 
 

 

 

  



344 
 

Genotype: tubGal80ts; repo-Gal4 > Luc RNAi 

Experiment: adult heat shift, 10 day 

Phenotype: with transient 
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Genotype: tubGal80ts; repo-Gal4> Acsl RNAi 

Experiment: adult heat shift, 10 day 

Phenotype: with transient 
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